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taining at least a pat of the elements constituting the 
gaseous molecules, on the surface of the silicon gas. 
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Description 

TECHNICAL FIELD 

[0001 ] The present invention relates to a semiconduc- 
tor device in which an oxidefilm, a nitride film, an oxyni- 
tride film, and the like, is formed on a silicon semicon- 
ductor, and the formation method thereof. 

BACKGROUND ART 

[0002] The gate insulation film of a MIS (metal/insu- 
lator/silicon) transistor is required to have various high- 
performance electric properties and also high reliability, 
such as low leakage current characteristic, low interface 
state density, high breakdown voltage, high resistance 
against hot carriers, uniform threshold voltage charac- 
teristic, and the like. 

[0003] In order to satisfy these various requirements, 
the technology of thermal oxidation process has been 
used conventionally as the formation technology of the 
gate insulation film, wherein the thermal oxidation tech- 
nology uses oxygen molecules or water molecules at 
the temperature of about 800°C or more. 
[0004] It should be noted that a thermal oxidation 
process has been conducted conventionally after con- 
ducting a preprocessing process of removing surface 
contaminants such as organic materials, metals, parti- 
cles, and the like, by a conducting cleaning process. It 
should be noted that such a conventional cleaning proc- 
ess includes a final cleaning process that uses a diluted 
hydrofluoric acid or hydrogenated water for terminating 
the dangling bonds exiting on the silicon surface by hy- 
drogen. Thereby, formation of native oxide film on the 
silicon surface is suppressed, and the silicon substrate 
thus having a cleaned surface is forwarded to the fol- 
lowing process of thermal oxidation. In the thermal oxi- 
dation process, the terminating hydrogen at the surface 
undergoes decoupling during the process of raising the 
temperature of the silicon substrate in an inert gas at- 
mosphere such as argon (Ar) gas atmosphere. Oxida- 
tion of the silicon surface is conducted thereafter at the 
temperature of about 800°C or more in the atmosphere 
in which oxygen molecules or water molecules are in- 
troduced, \ 

[0005] In the conventional thermal oxidation process, 
satisfactory oxide/silicon interface characteristics, oxide 
breakdown characteristics, leakage current character- 
istics, and the like, are achieved only in the case a silicon 
surface having the (100) orientation is used for the for- 
mation of the silicon oxide film. Further, it is known that 
there arises a remarkable deterioration of leakage char- 
acteristic in the case the thickness of the silicon oxide 
film thus formed by the conventional thermal oxidation 
process is reduced to about 2nm or less. Thus, it has 
been difficult to realize a high-performance miniaturized 
transistor that requires decrease of the gate insulation 
film thickness. 



[0006] Further, in the case the silicon oxide film is 
formed on a silicon crystal having a surface orientation 
other than the (100) orientation or on a polysilicon 
formed on an insulation film, there arises a problem of 
5 formation of large interface state density at the oxide/ 
silicon interface as compared with the case the silicon 
oxide film is formed on the (100)-oriented silicon sur- 
face, and this holds true even when the silicon oxide film 
is formed by the thermal oxidation technology. It should 
10 be noted that a polysilicon film formed on an insulation 
film has a primarily (111) oriented surface. Thus, such a 
silicon oxide film has poor electric properties in terms of 
breakdown characteristics, leakage current character- 
istics, andthe like, particularly when thethickness there- 
's of is reduced, and there has been a need of increasing 
the film thickness of the silicon oxide film when using 
such a silicon oxide film, 

[0007] Meanwhile, the use of large-diameter silicon 
wafer substrate or large-area glass substrate is increas- 

20 jng these days for improving the efficiency of semicon- 
ductor device production. In ordertoform transistors on 
the entire surface of such a large-size substrate with uni- 
form characteristics and with high throughput, it is nec- 
essary to form the insulation film at a low temperature 

25 so as to decrease the magnitude of the temperature 
change, which takes place at the time of the heating 
process or at the time of the cooling process. Further, 
the process of forming such an insulation film is required 
to have small temperature dependence. In the, conven- 

30 tional thermal oxidation process, it should be noted that 
there has been a large fluctuation of oxidation reaction 
rate caused by temperature fluctuation, and it has been 
difficult to conduct the production process of semicon- 
ductor devices with high throughput while using a large- 

35 area substrate. 

[0008] In order to soive these problems associated 
with the conventional thermal oxidation technology, var- 
ious low-temperature film formation processes have 
been attempted. Among others, the technology dis- 

40 closed in Japanese Laid-Open Patent Publication 
11-279773 or the technology disclosed in Technical Di- 
gest of International Electron Devices Meeting, 1999, 
pp.249-252, or in 2000 Symposium on VLSI Technology 
Digest of Technical Papers, pp. 76-1 77, achieves rela- 
ys tively good electronic properties for the film by conduct- 
ing the oxidation of the silicon surface by using atomic 
state oxygen O*. There, an Inert gas having a large 
metastable level is used for the atomization of the oxy- 
gen molecules, and for this, the inert gas is introduced 

50 into plasma together with gaseous oxygen molecules, 
[0009] In these technologies, it should be noted that 
a microwave is irradiated to the mixed gas formed of an 
inert krypton (Kr) gas and an oxygen (0 2 ) gas, and a 
large amount of atomic state oxygen O* are formed. 

55 Thereby, the oxidation of silicon is conducted at a tem- 
perature of about 400°C, and the properties comparable 
to those of the conventional thermal oxidation process, 
such as iow leakage current characteristics, low inter- 
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face state density high breakdown voltage, and the like, 
are achieved. Further, according to this oxidation tech- 
nology, a high-quality oxide film is obtained also on the 
silicon surface having a surface orientation other than 
the (100) surface. 

[0010] On the other hand, such a conventional silicon 
oxide film formation technology, even when using the 
microwave plasma, could at best realize a silicon oxide 
film having electric properties comparable to those of 
the film formed by the conventional thermal oxidation 
process, which uses oxygen molecules or water mole- 
cules. Particularly, it has been not possible to obtain the 
desired low leakage current characteristics in the case 
the silicon oxide film has a thickness of about 2nm or 
less on the silicon substrate surface. Thus, it has been 
difficult to realize high-performance, miniaturized tran- 
sistors that require further decrease of the gate insula- 
tion film thickness, similarly to the case of conventional 
thermal oxide film formation technology. 
[0011] Further, there has been a problem thatthe sil- 
icon oxide film thus formed shows severe degradation 
of electric properties in the case the silicon oxide film is 
used for a transistor, such as degradation of conduct- 
ance caused by hot carrier injection or increase of leak- 
age current in the case the silicon oxide film is used in 
a device such as a flash memory, which relies upon tun- 
neling of electrons caused through the silicon oxidefilm, 
as compared with the case of using a silicon oxide film 
formed by the conventional thermal processes, 
[001 2] FIG. 1 shows the schematic structure of a con- 
ventional flash memory device 10, 
[0013] Referring to FIG. 1 , the flash memory device 
1 0 is formed on a silicon substrate 1 1 doped to p-type 
or n-type and there is formed a floating gate electrode 
13 on the silicon substrate 11 via a tunneling oxide film 
12. The floating gate electrode 13 is covered with an 
inter-electrode insulation film 14, and a control gate 
electrode 1 5 is formed on the floating gate electrode 1 3 
via the inter-electrode insulation film 14, Further, a 
source region 11 B and a drain region 11 C of n-type or 
p-type are formed in the silicon substrate 1 1 at both lat- 
eral sides of a channel region 11 A right underneath the 
floating gate electrode 13. 

[0014] In the flash memory device 10 of FIG. 1 , the 
control gate, electrode 15 causes capacitance coupling 
with the floating gate electrode via the inter-electrode 
insulation fiimX4, and as a result, the potential of the 
floating gate electrode is controlled by the control volt- 
age applied to the control gate electrode 1 5. 
[0015] Thus, in the case information is written into the 
floating gate electrode in the flash memory device 10 of 
FIG. 1 , a predetermined drive voltage is applied across 
the drain region 11C and the source region 11 B and a 
predetermined positive write voltage is applied to the 
control gate electrode 15. Thereby, there are formed hot 
electrons as a result of acceleration in the vicinity of the 
drain region 11C, and the hot electrons thus formed are 
injected into the floating gate electrode 13 via the tun- 



neling oxide film 12. 

[001 6] In the case the information thus written is to be 
erased, a predetermined erase voltage is applied to the 
silicon substrate 11 or to the source region 11B, and the 
5 electrons in the floating gate electrode 13 are pulled out. 
In the case of reading the written information, a prede- 
termined read voltage is applied to the control gate elec- 
trode 15 and the electron current flowing through the 
channel region 11 A from the source region 11 B to the 
10 drain region 11 C is detected. 

[0017] FIG.2A shows the band structure of the flash 
memory 10 of FIG. 1 in the cross-sectional view that in- 
cludes the floating gate electrode 13, the tunneling oxide 
film 12 and the silicon substrate 11, wherein FIG. 2A 
15 shows the state in which no control voltage is applied to 
the control gate electrode 15. 
[0018] Referring to FIG.2A, the tunneling insulation 
film 12 forms a potential barrier and it can be seen that 
the injection of the electrons on the conduction band Ec 
of the silicon substrate 1 1 into the floating gate electrode 
13 is effectively blocked. 

[0019] FIG.2B shows the band structure for the case 
a write voltage is applied to the control gate electrode 
15. 

[0020] Referring to FIG.2B, there is induced modifica- 
tion of the band structure in the tunneling insulation film 

12 as a result of application of the write voltage, and as 
a result, the conduction band Ec forms a triangular po- 
tential. Thus, the hot electrons thus formed in the chan- 
nel region A are injected into the floating gate electrode 

13 after passing through the triangular potential barrier 
in the form of Fowier-Nordheim tunneling current. 
[0021] Now, in order to increase the writing speed in 
the flash memory device 10, there is a need of increas- 
ing the tunneling probability of the tunneling current 
passing through the triangular potential in the state of 
FIG. 2B. This can be achieved by decreasing the thick- 
ness of the tun neling oxide film 1 2. In the case the thick- 
ness of the tunneling oxidefilm 12 is decreased, on the 
other hand, the electrons in the channel may pass 
through the tunneling oxide film 12 in the non-writing 
state shown in FIG.2B by causing tunneling and form a 
leakage current 

[0022] FIG.3 shows the relationship between the 
electric field applied to the tunneling oxide film 12 and 
the current density of the tunneling current passing 
through the tunneling oxide film 12. 
[0023] Referring to FIG.3, it is required that a tun- 
neling current of about 1 A/cm 2 can flow through the tun- 
neling oxide film 12 in response to an electric field of 
about 10MV/cm applied to the tunneling oxide film 12 in 
the writing state of FIG. 2B when to realize the writing 
time of 1 - 1 0|x seconds in the flash memory device 1 0. 
In the case of non-writing state of F1G.2A, on the other 
hand, it is required that the leakage current through the 
tunneling oxide film 12 be suppressed to lO-^A/cm 2 or 
less at the application electric filed of 1 MV/cm 2 . Thus, 
the conventional flash memory device 10 realizes the 
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electric field - current characteristic shown in FIG. 3 by 
a straight line by using a thermal oxides film having a 
thickness of several nanometers for the tunneling oxide 
film 12, 

[0024] On the other hand, when an attempt is made 
to reduce the thickness of the tunneling oxide film 1 2 for 
reducing the write time, the electric field-current charac- 
teristic of the tunneling oxide film 12 is changed as rep- 
resented in FIG. 3 by a curved line. There, it can be seen 
that, while there is caused a large increase of the tun- 
neling current in the case the electric field of 10MV/cm 
is applied, and while the conventional tunneling current 
density of 1 A/cm 2 is realized in the state of low electric 
field, there is caused a large increase in the leakage cur- 
rent in the non-writing state, and thus, the information 
written into the floating gate electrode 13 is no longer 
retained. 

DISCLOSURE OF THE INVENTION 

[0025] Accordingly, it is a general object of the present 
invention to provide a novel and useful semiconductor 
device and fabrication process thereof wherein the fore- 
going problems are eliminated. 
[0026] Another object of the present invention is to 
provide a dielectric film showing a small leakage current 
and is capable of providing a tunneling current of large 
current density at the time of application of an electric 
field, as well as a formation method thereof. 
[0027] Another object of the present invention is to 
provide a semiconductor device or a non-volatile semi- 
conductor device that uses such a dielectric film and a 
fabrication method of such a semiconductor device, 
[0028] Another object of the present invention is to 
provide a dielectric film formed on a silicon surface, 

said dielectric film containing nitrogen with a con- 
centration distribution such that a nitrogen concentra- 
tion increases at a dielectric film surface as compared 
to a central part of the dielectric film. 
[0029] Another object of the present invention is to 
provide a semiconductor device, comprising; 

a silicon substrate; 

an insulation film formed on said silicon substrate; 
and \ 

an electrode formed on said insulation film, 

wherein said insulation film has a nitrogen concen- 
tration distribution such that a nitrogen concentration in- 
creases at a film surface contacting with said electrode 
as compared with a central part of said film, 
[0030] Another object of the present invention is to 
provide a non-volatile semiconductor memory device, 
comprising: 

a silicon substrate; 

a tunneling insulation film formed on said silicon 
substrate; 



a floating gate electrode formed on said tunneling 
insulation film; and 

a control gate electrode formed on said floating gate 
electrode via an inter-electrode insulation film, 
5 one of said insulation films having a nitrogen con- 
centration distribution such that a nitrogen concen- 
tration increases at the film surface contacting with 
said electrode as compared with a central part of 
said film. 

10 

[0031] Another object of the present invention is to 
provide a method of .forming a dielectricf ilm, comprising 
the steps of: 

*s forming a silicon oxide film on a surface; 

modifying a surface of said silicon oxide film by ex- 
posing the same to hydrogen nitride radicals NH*. 

[0032] Another object of the present invention is to 
20 provide a method of forming a dielectric film, comprising 
the steps of: 

forming a silicon oxide film on a surface; and 
modifying a surface of said silicon oxide film by ex- 
25 posing the same to microwave plasma formed in a 
mixed gas of an inert gas selected from ArorKrand 
a gas containing nitrogen and hydrogen as constit- 
uent elements. 

30 [0033] Another object of the present invention is to 
provide a method of forming a dielectric film comprising 
the step of exposing a silicon surface to microwave plas- 
ma formed in a mixed gas of an inert gas primarily 
formed of Kr, a gas containing nitrogen as a constituent 

35 element and a gas containing oxygen as a constituent 
element, to form an oxynitride film on said silicon sur- 
face. 

[0034] Another object of the present invention is to 
provide a method of fabricating a semiconductor device, 
40 comprising the steps of; 

forming a silicon oxide film on a silicon substrate by 
an oxidation processing; 

modifying a surface of said silicon oxide film by ex- 
45 posing the same to hydrogen nitride radicals NH*; 
and 

forming a gate electrode on said modified silicon ox- 
ide film. 

50 [0035] Another object of the present invention is to 
provide a method of fabricating a semiconductor device, 
comprising the steps of: 

forming a silicon oxide film on a silicon substrate by 
55 an oxidation processing; 

modifying a surface of said silicon oxide film by ex- 
posing the same to microwave plasma formed in a 
mixed gas of an inert gas selected from Ar or Kr and 
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a gas containing nitrogen and hydrogen as constit- 
uent elements; and 

forming a gate electrode on said modified silicon ox- 
ide film. 

[0036] Another object of the present invention is to 
provide a fabrication method of a semiconductor device, 
comprising the steps of; 

exposing a silicon substrate surface to microwave 
plasma formed in a mixed gas of an inert gas pri- 
marily formed of Kr, a gas containing nitrogen as a 
constituent element and a gas containing oxygen 
as a constituent element, to form an oxynitride film 
on said silicon surface; and 
forming a gate electrode on said oxynitride film. 

[0037] According to the present invention, the surface 
of the oxide film is modified by exposing the surface of 
the oxide film formed on a surface of a silicon substrate 
or the like to microwave plasma formed in a mixed gas 
of an inert gas primarily formed of Ar or Kr and a gas 
containing nitrogen and hydrogen, and nitrogen are con- 
centrated to a surface region of the oxide film within the 
depth of several nanometers. Nitrogen thus concentrat- 
ed to the oxide film surface form a substantially layered 
nitride region on the oxide film surface, and as a result, 
the oxide film is changed to a structure approximately 
similar to the one in which a nitride film is laminated on 
the surface of the silicon oxide film. 
[0038] In the dielectric film having such a structure, 
there is provided a region of small bandgap in corre- 
spondence to the nitride region adjacent to a region of 
large bandgap corresponding to thesilicon oxide film re- 
gion, and because of the fact that the nitride region has 
a specific dielectric constant larger than that of the sili- 
con oxide film, the dielectric film structure shows an ef- 
fectively large film thickness with regard to the electrons 
in the channel region 11 A in the state that no control 
voltage is applied to the control gate electrode 15, and 
the tunneling of the electrons is effectively blocked. 
[0039] In the case a write voltage is applied to the con- 
trol gate electrode 1 5, on the other hand, the band struc- 
tures of the oxide film region and the nitride region con- 
stituting the-olielectrlcfilm structure are changed. There- 
by, the effective thickness of eth oxide film region is re- 
duced with the^rmation of the nitride region, and as a 
result, the hot electrons in the channel region 11 A are* 
allowed to cause tunneling through the dielectric film 
structure efficiently. Because the nitride region formed 
on the surface of the oxide film region has a small band- 
gap, it does not function as a potential barrier to the hot 
electrons to be injected. 

[0040] As a result of using such a dielectric film struc- 
ture for the tunneling insulation film of the non-volatile 
semiconductor memory device such as a flash memory, 
and the like, it becomes possible to increase the wiring 
speed or reduce the operational voltage while simulta- 



neously reducing the leakage current. 
[0041] It should be noted that such an oxide film, in 
which there is caused nitrogen concentration at the sur- 
face part thereof, can be formed also by exposing the 
5 silicon surface to microwave plasma formed in a mixed 
gas of an inert gas primarily formed of Kr, a gas contain- 
ing nitrogen as a constituent element and a gas contain- 
ing oxygen as a constituent element. The oxide film thus 
formed has the composition of an oxynitride film as a 
10 whole, while it should be noted that a part of nitrogen 
are concentrated in such a structure to the interface be- 
tween the oxynitride film and the silicon surface for re- 
laxing the stress, while other nitrogen are concentrated 
to the film surface and form the desired nitride layer re- 
15 gion, In the oxynitride film of such a structure, there is 
caused stress relaxation by the nitrogen concentrated 
to the interface to the silicon substrate, and because of 
this, the density of the electric charges trapped in the 
film or the density of the interface states is reduced and 
the leakage current path other than the tunneling mech- 
anism is effectively blocked. Thus, the oxynitridefilm ob- 
tained according to such a process has an extremely 
high film quality. In such an oxynitridefilm, it is preferable 
that the hydrogen concentration contained in the film is 
1 0 12 crrr 2 or less, preferably 1 0 11 cm" 2 or less in terms of 
surface density. 

[0042] As the formation of the dielectric film can be 
conducted at a low temperature of 550°C or less in the 
present invention, it is possible to recover the oxygen 
defects in the film without decoupling the hydrogen ter- 
minating the dangling bonds in the oxide film. This ap- 
plied also to the formation of the nitride film or oxynitride 
film to be explained later. 

BRIEF DESCRIPTION OFTHE DRAWINGS 

[0043] 

FIG. 1 is a diagram showing the construction of a 
conventional flash memory device; 
FIGS.2A and 2B are diagrams explaining the oper- 
ation of the flash memory device; 
FIG.3 is a diagram explaining the problems of the 
conventional flash memory device; 
F1GS.4A - 4C are diagrams showing the formation 
process of an oxide film and the fabrication process 
of a semiconductor device according to a first em- 
bodiment of the present invention; 
FIG.5 is a diagram showing the schematic construc- 
tion of a plasma apparatus having a radial line slot 
antenna and used in the present invention; 
FIG. 6 is a characteristic diagram showing the expo- 
sure effect of the bond formed between the surface- 
terminating hydrogen at the silicon surface and sil- 
icon caused by exposure to Kr plasma as obtained 
by infrared spectroscopy; 
FIG.7 is a characteristic diagram showing the de- 
pendence of silicon oxide film thickness on the gas 
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pressure of the processing chamber; 
FIG.8 is a characteristic diagram showing the depth 
distribution profile of the Kr density ion the silicon 
oxide film; 

FIG. 9 is a characteristic diagram showing the cur- 5 
rent versus voltage characteristic of the silicon ox- 
ide film; 

FIG. 10 is a diagram showing the relationship be- 
tween the leakage current of the silicon oxide film 
and the silicon oxynitridefilm and the film thickness; 10 
FIGS.11A - 11 C are diagrams showing the forma- 
tion method of a nitride film and a fabrication meth- 
od of a semiconductor device according to a second 
embodiment of the present invention; 
FIG, 12 is a characteristic diagram showing the de- is 
pendence of the silicon nitride film thickness on the 
gas pressure of the processing chamber; 
FIGS.13A - 13D are diagrams showing the forma- 
tion method of an oxide/nitride laminated dielectric 
film and a fabrication method of a semiconductor so 
device according to a third embodiment of the 
present invention; 

FIG. 14 is a diagram showing the nitrogen distribu- 
tion in the oxide/nitride laminated dielectric film; 
FIG. 15 is a band structure diagram of the oxide/ni- & 
tride laminated dielectric film; 
F1GS.1 6A - 1 6C are diagrams showing the forma- 
tion method of an oxynitride film and a fabrication 
method of a semiconductor device according to a 
fourth embodiment of the present invention; 
FIG. 1 7 is a diagram showing the photoemission in- 
tensity of atomic state oxygen and atomic state hy- 
drogen at the time of formation of the oxynitridefilm; 
FIG. 18 is a diagram showing the elemental distri- 
bution profile in the silicon oxynitride fiim; 35 
FIG. 1 9 is a characteristic diagram showing the cur- 
rent versus voltage characteristic of the silicon ox- 
ynitride film; 

FIG. 20 is a schematic diagram showing the time- 
dependent change of nitrogen in the silicon nitride 40 
fiim; 

FIGS.21A - 21 C are schematic diagrams showing 
the shallow trench isolation according to a fifth em- 
bodiment of the present invention; 
FIG.22 is a cross-sectional diagram of a three-di- 45 
mensionaj transistor formed on a silicon surface 
having projections and depressions according to 
the fifth embodiment of the present invention; 
FIG.23 is a diagram showing the construction of a 
flash memory device according to a sixth embodi- 50 
ment of the present invention; 
FIG. 24 is a band structure diagram showing the 
writing operation of the flash memory device of FIG. 
23; 

FIG.25 is a diagram showing the leakage current 55 
characteristics of the tunneling insulation film in the 
flash memory device of FIG.23; 
FIG.26 is a schematic diagram showing the cross- 



10 

sectional structure of a flash memory device ac- 
cording to a seventh embodiment of the present in- 
vention; 

FIGS. 27-30 are schematic cross-sectional dia- 
grams showing the fabrication process of the flash 
memory device of FIG.26 step by step; 
FIG. 31 is a schematic diagram showing the cross- 
sectional structure of a MOS transistor formed on a 
metal substrate SOI according to an eighth embod- 
iment of the present invention; 
FIG.32 is a schematic diagram of a plasma process- 
ing apparatus according to a ninth embodiment of 
the present invention applicable to a glass substrate 
or plastic substrate; 

FiG.33 is a schematic diagram showing the cross- 
sectional structure of a polysilicon transistor on an 
insulation film formed according to the plasma 
processing apparatus of FIG.32; and 
FIG. 34 is a schematic diagram showing the cross- 
sectional diagram of a three-dimensional LSI ac- 
cording to a tenth embodiment of the present inven- 
tion, 

BEST MODE FOR IMPLEMENTING THE INVENTION 

[0044] Hereinafter, various preferable embodiments 
to which the present invention is applied will be ex- 
plained in detail with reference to the drawings. 



[0045] FIGS.4A - 4C show the low-temperature for- 
mation process of an oxide film that uses plasma as well 
as the fabrication process of a semiconductor device 
that uses such an oxide film according to a first embod- 
iment of the present invention. Further, FIG.5 shows an 
example of a plasma processing apparatus used in the 
present invention and having a radial line slot antenna 
in a cross-sectional view. 

[0046] In the present embodiment, the hydrogen ter- 
minating the dangling bonds at a silicon surface is first 
removed in the step of FIG. 4A. More specifically, the 
removal process of the surface-terminating hydrogen 
and the oxidation process are conducted in the same 
processing chamber continuously, and the Kr gas, 
which is used for the plasma excitation gas in the sub- 
sequent oxide film formation process, is used in the re- 
moval process of the surface-terminating hydrogen. 
[0047] First, a vacuum vessel (processing chamber) 
101 is evacuated in the plasma processing apparatus 
of FIG.5 and an Ar gas is introduced first from a shower 
plate 1 02. Then, the gas is changed to the Kr gas, Fur- 
ther, the pressure inside the processing chamber 1 01 is 
set to about 133Pa (1Torr). 

[0048] Next, a silicon substrate 103 is placed on a 
stage 104 having a heating mechanism, and the tem- 
perature of the specimen is setto about 400°C. As long 
as the temperature of the silicon substrate 103 is in the 
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range of 200-500°C, the same results explained as be- 
low are obtained, It should be noted that the silicon sub- 
strate 103 is subjected to a treatment in a diluted hy- 
drofluoric acid in the preprocessing step immediately 
before, and as a result, the dangling bonds on the sur- 
face of the silicon substrate are terminated by hydrogen. 
[0049] Next, a microwave of 2,45GHz is supplied to a 
radial line slot antenna 106 from a coaxial waveguide 
105 with the frequency of 2.45GHz, wherein the micro- 
wave thus supplied is introduced into the processing 
chamber 101 from the radial line slot antenna 106 
through a dielectric plate 107 provided on a part of the 
wall of the processing chamber 101. The microwave 
thus introduced cause excitation of the Kr gas intro- 
duced into the processing chamber 1 01 from the shower 
plate 1 02, and as a result, there is induced high-density 
Kr plasma right underneath the shower plate 102. As 
long as the frequency of the microwave thus supplied is 
in the range of about 900MHz or more but not exceeding 
about 100GHz, almost the same results explained as 
below are obtained. 

[0050] In the construction of FIG.5, the separation be- 
tween the shower plate 1 02 and the substrate 1 03 is set 
to 6cm in the present embodiment. Smailerthe gap sep- 
aration, the film formation rate becomes faster. Further, 
while the present embodiment shows the example of 
film formation by using the plasma apparatus that uses 
a radial lineslot antenna, itshould be noted thattheplas- 
ma may be induced by introducing the microwave into 
the processing chamber by other ways. 
[0051] By exposing the silicon substrate 103 to the 
plasma thus excited by the Kr gas, the surface oc the 
silicon substrate 103 experiences bombardment of low 
energy Kr ions, and as a result, the surface-terminating 
hydrogen are removed. 

[0052] FIG. 6 shows the result of analysis of the sili- 
con-hydrogen bond on the surface of the silicon sub- 
strate 1 03 by means of infrared spectrometer and shows 
the effect of removal of the surface-terminating hydro- 
gen at the silicon surface by the Kr plasma induced by 
introducing the microwave into the processing chamber 
101 under the pressure of 133Pa (1Torr) with the power 
of 1 .2W/CIT1 2 . 

[0053] Referring to FIG.6, it can be seen that the op- 
tical absorption at about 2100cm" 1 , which is character- 
istic to the sificon-hydrogen bond, is more or less van- 
ished after the Kr plasma radiation conducted for only 1 
second. Further; after continuous irradiation for thirty 
seconds, this optical absorption is almost completely 
vanished. This means the surface-terminating hydrogen 
on the silicon surface can be removed by the Kr plasma 
irradiation conducted for about 30 seconds. In the 
present embodiment, the surface-terminating hydrogen 
is completely removed by conducting the Kr plasma ir- 
radiation for 1 minute. 

[0054] Next, in the step of FIG.4B, a Kr/0 2 mixed gas 
is introduced from the shower plate 102 with a partial 
pressure ratio of 97/3. Thereby, the pressure of the 



processing chamber is maintained at about 133Pa (1 
Torr). In the high-density excitation plasma in which the 
Kr gas and the 0 2 gas are mixed, Kr* in the intermediate 
excitation state and the 0 2 molecules cause collision 
5 and there is caused efficient formation of atomic state 
oxygen O* in large amount. 

[0055] In the present embodiment, the atomic state 
oxygen O* thus formed are used for oxidizing the sur- 
face of the silicon substrate 103, and as a result, there 

10 is formed an oxide film 103A. In the thermal oxidation 
process conducted conventionally on a silicon surface, 
the oxidation is caused by the 02 molecules or H 2 0 mol- 
ecules and a very high temperature of 800°C or more 
has been needed. In the oxidation processing of the 

is present invention conducted by the atomic state oxygen 
O*, the oxidation becomes possible at a very low tem- 
perature of about 400°C. In order to facilitate the colli- 
sion of Kr* and 0 2 , it is preferable to use a high pressure 
for the pressure of the processing chamber. However, 

20 the use of excessively high pressure facilitates mutual 
collision of O* thus formed, and the atomic state oxygen 
O* thus formed are returned to the 0 2 molecules. Thus, 
there exists an optimum gas pressure. 
[0056] FIG. 7 shows the relationship between the 

25 thicknesses of the oxide film 1 03A thus formed and the 
internal pressure of the processing chamberforthe case 
the pressure inside the processing chamber 101 is 
changed while maintaining the Kr/0 2 pressure ratio to 
97/3. In FIG. 7, the temperature of the silicon substrate 

30 103 is set to 400°C and the oxidation processing is con- 
ducted for 10 minutes. 

[0057] Referring to FIG. 7, it can be seen that the ox- 
idation rate becomes maximum in the case the pressure 
inside the processing chamber 101 is about 133Pa (1 

55 Torr) and that this pressure or the pressure condition 
near this is the optimum condition. This optimum pres- 
sure is not limited to the case in which the silicon sub- 
strate 103 has the (100) surface orientation but is valid 
also in other cases in which the silicon surface has any 

40 other surface orientations. 

[0058] After the silicon oxide film 103A is thus formed 
to the desired film thickness, the introduction of the mi- 
crowave power is shutdown and the plasma excitation 
is terminated. Further, the Kr/0 2 mixed gas is replaced 

45 with the Ar gas, and with this, the oxidation processing 
is terminated. It should be noted that the use of the Ar 
gas before and after the foregoing step is intended to 
enable the use of low-cost Ar gas cheaper than Kr for 
the purging gas. The Kr gas used in the present step is 

so recovered and reused. 

[0059] Following the foregoing oxide film formation 
process, the gate electrode 1 03B is formed on the oxide 
film 1 03A, and a semiconductor integrated circuit device 
including transistors and capacitors is formed after con- 

55 ducting various patterning processing, ion implantation 
processing, passivation film formation processing, hy- 
drogen sintering processing, and the like. 
[0060] The result of measurement of hydrogen con- 
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tent in the silicon oxide film formed according to thefore- 
going process indicates that the hydrogen content is 
about 1 0 22 /cm 2 or less in terms of surface density in the 
case the siiicon oxide film has a thickness of 3nm, 
wherein it should be noted that the foregoing measure- 
ment was conducted by measuring the hydrogen re- 
lease caused with temperature rise. Particularly, it was 
confirmed that the oxide film characterized by a small 
leakage current shows that the hydrogen content in the 
silicon oxide film is about 10 11 /cm 2 or less in terms of 
surface density. On the other hand, the oxide film not 
exposed to the Kr plasma before the oxide film formation 
contained hydrogen with the surface density exceeding 
10 12 /cm 2 . 

[0061] Further, the comparison was made on the 
roughness of the silicon surface before and after the ox- 
ide film formation conducted according to the process 
noted before wherein the measurement of the surface 
roughness was made by using an atomic force micro- 
scope. It should be noted that the silicon surface was 
exposed after the oxide film formation, by removing the 
silicon oxide film thus formed. It was confirmed that 
there is caused no change of surface roughness. Thus, 
there is caused no roughening of silicon surface even 
when the oxidation processing is conducted after the re- 
moval of the surface-terminating hydrogen. 
[0062] FIG.8 shows the depth profile of Kr density in 
the silicon oxide film formed according to the foregoing 
process as measured by the total reflection X-ray fluo- 
rescent spectrometer. It should be noted that FIG. 7 
shows the result for the silicon (1 00) surface, while this 
result is not limited to the (100) surface and a similar 
result is obtained also in other surface orientations. 
[0063] In the experiment of FIG.8, the partial pressure 
of oxygen in Kr is set to 3% and the pressure of the 
processing chamber is set to 133Pa (133Torr). Further, 
the plasma oxidation processing is conducted at the 
substrate temperature of 400°C. 
[0064] Referring to FIG.8, the Kr density in the silicon 
oxide film increases with increasing distance from the 
silicon surface and reaches the value of about 2 x 1 0 11 / 
cm 2 at the surface of the silicon oxide film. This indicates 
that the silicon oxide film obtained according to the fore- 
going processing is a film in which the Kr concentration 
is constant in the film in the region in which the distance 
to the underlying silicon surface is 4nm or more and in 
which the Kr concentration decreases toward the sili- 
con/silicon oxide interface in the region within the dis- 
tance of 4nm from the silicon surface. 
[0065] FIG. 9 shows the dependence of the leakage 
current on the applied electric field for the silicon oxide 
film obtained according to the foregoing process. It 
should be noted that the result of FIG.9 is for the case 
in which the thickness of the silicon oxide film is 4.4nm. 
For the purpose of comparison, FIG.9 also shows the 
leakage current characteristic in which no exposure to 
the Kr plasma was conducted before the formation of 
the oxide film. 



[0066] Referring to FIG.9, the leakage current char- 
acteristic of the silicon oxide film not exposed to the Kr 
plasma is equivalent to the leakage current character- 
istic of the conventional thermal oxide film. This means 

s that the Kr/0 2 microwave plasma processing does not 
improve the leakage current characteristics of the oxide 
film thus obtained very much. On the other hand, in the 
case the oxidation processing is conducted by the 
present embodiment in which the Kr/0 2 gas is intro- 

10 duced after the Kr plasma irradiation processing, it can 
be seen that the leakage current is improved by the or- 
der of 2 or 3 as compared with the leakage current of 
the silicon oxide film formed by the conventional micro- 
wave plasma oxidation processing when measured at 

15 the same electric field, indicating that the silicon oxide 
film formed by the present embodiment has excellent 
low leakage characteristics. It is further confirmed that 
a similar improvement of leakage current characteristic 
is achieved also in the siiicon oxide film having a much 

20 thinner film thickness of 1 .7nm. 

[0067] FIG.1 0 shows the result of measurement of the 
leakage current characteristics of the silicon oxide film 
of the present embodiment forthe case the thickness of 
the silicon oxide film is changed variously. In FIG. 10, A 

25 shows the leakage current characteristic of a conven- 
tional thermal oxide film, 0 shows the leakage current 
characteristic of the silicon oxide film formed by con- 
ducting the oxidation processing by the Kr/02 plasma 
while omitting the exposure process to the Kr plasma, 

30 while • shows the leakage current characteristic of the 
silicon oxide film of the present embodiment in which 
the oxidation is conducted by the Kr/0 2 plasma after ex- 
posure to the Kr plasma. In FIG. 9, it should be noted 
that the data represented by ■ shows the leakage cur- 

35 rent characteristic of an oxynitride film to be explained 
later. 

[0068] Referring to FIG.10, it can be seen that the 
leakage current characteristic of the silicon oxide film 
represented by O and formed by the plasma oxidation 

40 processing while omitting the exposure process to the 
Kr plasma coincides with the leakage current character- 
istic of the thermal oxide film represented by A, while it 
can be seen alsothatthe leakage current characteristics 
of the silicon oxide film of the present embodiment and 

45 represented by • is reduced with respect to the leakage 
current characteristics represented by O by the order of 
2-3. Further, it can be seen that a leakage current of 1 
x 1 0' 2 A/cm 2 , which is comparable to the leakage current 
of the thermal oxide film having the thickness of 2nm, is 

50 achieved in the silicon oxide film of the present embod- 
iment in the case the oxide film has the thickness of 
about 1.5nm. 

[0069] Further, the measurement of the surface orien- 
tation dependence conducted on the silicon/silicon ox- 
55 ide interface state density for the silicon oxide film ob- 
tained by the embodiment of the present invention has 
revealed the fact that a very low interface state density 
of about 1 x 10 10 crrr 2 eV* 1 is obtained for any silicon sur- 
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face of any surface orientation. 
[0070] Further, the oxide film formed by the present 
embodiment shows equivalent or superior characteris- 
tics as compared with the conventional thermal oxide 
film with regard to various electric and reliability charac- 
teristics such as breakdown characteristics, hot carrier 
resistance, charge-to-breakdown electric charges QBD, 
which corresponds to the electric charges up to the fail- 
ure of the silicon oxide fifm under a stress current, and 
the like. 

[0071] As noted above, it is possible to form a silicon 
oxide film on a silicon surface of any surface orientation 
at a low temperature of 400°C by conducting the silicon 
oxidation processing by the Kr/02 high-density plasma 
after removal of the terminating hydrogen. Itthoughtthat 
such an effect is achieved because of the reduced hy- 
drogen content in the oxide film caused as a result of 
the removal of the terminating hydrogen and because 
of the fact that the oxide film contains Kr. Because of the 
reduced amount of hydrogen in the oxide film, it is be- 
lieved that weak element bonding is reduced in the sili- 
con oxide film. Further, because of the incorporation of 
Kr in the film, the stress inside the film and particularly 
at the Si/Si0 2 interface is relaxed, and there is caused 
a reduction of trapped electric charges or reduction of 
interface state density. As a result, the silicon oxide film 
shows significantly improved electric properties. 
[0072] Particularly, it is believed that the feature of re- 
ducing the hydrogen concentration in the film to the level 
of 10 12 /cm 2 or less, preferably to the level of 10 11 cm 2 
or less, and the feature of incorporation of Kr into the 
film with a concentration of 5 x 10 11 /cm 2 or less are 
thought as contributing to the improvement of electric 
properties and reliability of the silicon oxide film. 
[0073] I n order to realize the oxide film of the present 
invention, it is also possible to use a plasma processing 
apparatus other than the one shown in FIG.5, as long 
as the plasma processing apparatus can conduct the 
oxide film formation at low temperatures by using plas- 
ma. For example, it is possible to use a two-stage show- 
er plate-type plasma processing apparatus in which 
there are provided a first gas release structure for re- 
leasing Kr for plasma excitation by a microwave and a 
second gas release structure differentfrom the first gas 
release strupture for releasing the oxygen gas. 
[0074] In the present embodiment, it should be noted 
that the feedirig of the microwave power is shutdown 
upon formation of the silicon oxide film to a desired film 
thickness, followed by the process of replacing the Kr/ 
0 2 mixed gas with the Ar gas. On the other hand, it is 
also possible to introduce a Kr/NH 3 mixed gas from the 
shower plate 102 with the partial pressure ratio of 98/2 
before shutting down the microwave power while main- 
taining the pressure at about 133Pa (1 Torr). Thereby, 
a silicon nitride film of about 0.7nm thickness is formed 
on the surface of the silicon oxide film upon termination 
of the processing. According to such a process, it be- 
comes possible to form an insulation film having a higher 



specific dielectric constant by forming a silicon oxyni- 
tride film in which a silicon nitride film is formed on the 
surface thereof. 

s (SECOND EMBODIMENT) 

[0075] FIGS. 1 1 A - 1 1 C show the formation method of 
a nitride film at low temperature by using plasma accord- 
ing to a second embodiment of the present invention, 

10 as well as the fabrication method of a semiconductor 
device that uses such a nitride film. 
[0076] In the present embodiment, too, an apparatus 
similar to the one shown in FIG. 5 is used for the nitride 
film formation. Further, in the present embodiment, it is 

15 preferable to use Ar or Kr for the plasma excitation gas 
for removing the terminating hydrogen and forthe nitride 
film formation, in order to form a high-quality nitride film. 
[0077] Hereinafter, an example of using Ar will be rep- 
resented. 

20 [0078] First, the interior of the vacuum vessel 
(processing chamber) 101 of FIG.5 is evacuated to a 
vacuum state in the step of FIG. 11 A and an Ar gas Is 
introduced from the shower plate 1 02 such thatthe pres- 
sure inside the processing chamber is set to about 

25 13.3Pa(100mTorr). 

[0079] Next, a silicon substrate 1 03 is introduced into 
the processing chamber 101 and is placed on the state 

104 in which there is provided a heating mechanism, 
wherein the silicon substrate is subjected to a cleaning 

30 process conducted in a hydrogenated water and the sil- 
icon dangling bonds at the substrate surface are termi- 
nated by hydrogen. Further, the temperature of the 
specimen is set to 500° C. As long as the temperature 
is in the range of 300-550°C, results similar to the one 

35 described below are obtained. 

[0080] Next, a microwave of 2,45GHz is supplied into 
the processing chamber from the coaxial waveguide 

1 05 via the radial line slot antenna 1 06 and the dielectric 
plate 1 07 and a high-density plasma of Ar is induced in 

40 the processing chamber. As long as the frequency of the 
supplied microwave is in the range of about 900MHz or 
more but not exceeding about 1 0GHz, results similar to 
the one described below are obtained. In the present 
embodiment, the separation between the shower plate 

45 1 02 and the substrate 1 03 is set to 6 cm. With decreas- 
ing separation, faster deposition rate becomes possible. 
While the present embodiment shows the example of 
film formation by a plasma apparatus that uses the radial 
line slot antenna, it is also possible to Introduce the mi- 

50 crowave into the processing chamber by other methods. 
[0081] The silicon surface thus exposed to the plasma 
excited based on an Ar gas is subjected to bombard- 
ment of low energy Ar ions, and the surface-terminating 
hydrogen are removed as a result. In the present em- 

55 bodiment, the Ar plasma exposu re process is conducted 
for 1 minute. 

[0082] Next, in the step of FIG.11B, an NH 3 gas is 
mixed to the Ar gas from the shower plate 1 02 with a 
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partial pressure ratio of 2%. Thereby, the pressure of 
the processing chamber is held at about 13.3Pa 
(100mTorr). In high-density plasma in which the Ar gas 
and the NH 3 gas are mixed, there are caused collision 
of Ar* in the Intermediate excited state and the NH 3 mol- 5 
ecules, and NH* radicals are formed efficiently. The NH* 
radicals thus formed cause nitridation of the silicon sub- 
strate surface, and as a result, there is formed a silicon 
nitride film 103 on the surface of the silicon substrate 
103. 10 
[0083] Upon formation of the silicon nitride film 1 03C 
with a predetermined thickness, the supply of the micro- 
wave power is shutdown and the excitation of the plas- 
ma is terminated. Finally, the Ar/NH 3 mixed gas is re- 
placed with the Ar gas and the nitridation processing is is 
terminated, 

[0084] Further, in the step of FIG. 11 C, the silicon ni- 
tride film 1 03C thus formed by the nitride film formation 
process in the step of FIG. 11C is used as a gate Insu- 
lation film and the gate electrode 1 03D is formed on the 20 
gate insulation film 103C. Further, various patterning 
processes, ion implantation processes, passivation film 
formation processes, hydrogen sintering processes, 
and the like are conducted, and a semiconductor inte- 
grated circuit that includes therein transistors and ca- 25 
pacitors is obtained, 

[0085] While the present embodiment showed the 
case In which the nitride film is formed by the plasma 
processing apparatus that uses the radial line slot an- 
tenna, it is also possible to introduce the microwave Into 30 
the processing chamber by other ways. Further, while 
the present embodiment uses Ar for the plasma excita- 
tion gas, similar results are obtained also when Kr is 
used, Further, while the present embodiment uses NH 3 
for the process gas, it is also possible to use a mixed 35 
gas of N 2 and H 2 for this purpose. 
[0086] In the silicon nitride film formation process of 
the present Invention, it is important that there remains 
hydrogen in the plasma even afterthe surface-terminat- 
ing hydrogen are removed. As a result of existence of 40 
hydrogen in the plasma, the dangling bonds inside the 
silicon nitride film as well as the dangling bond on the 
interface are terminated by forming Si-H bonds or N-H 
bond, and a result, electron traps are eliminated from 
the silicon n|tride film and the interface. 45 
[0087] The\existence of the Si-H bond and the N-H 
bond is confirmed respectively by infrared absorption 
spectroscopy and by X-ray photoelectron spectroscopy. 
As a result of existence of hydrogen, the hysteresis in 
the CV characteristics is eliminated and the interface 50 
state density at the silicon/silicon nitride film is sup- 
pressed to 2 x 1 0 10 cnr 2 . In the case of forming the sili- 
con nitride film by using a rare gas (Ar or Kr) and an N 2 / 
H 2 mixed gas, it is possible to suppress the traps of elec- 
trons or holes in the film drastically by setting the partial 55 
pressure of the hydrogen gas to 0.5% or more. 
[0088] FIG. 1 2 shows the pressure dependence of the 
silicon nitride film thickness formed according to the 



process noted above. In the experiment of FIG. 12, it 
should be noted that the Ar/NH 3 partial pressure ratio 
was set to 98/2 and the deposition was conducted for 
30 minutes. 

[0089] Referring to FIG. 12, it can be seen that there 
occurs an increase of deposition rate of the nitride film 
by reducing the pressure in the processing chamber and 
thus by increasing the energy given to NH 3 (or N2/H2) 
Thus, from the viewpoint of efficiency of nitride film for- 
mation, it is preferable to set the gas pressure to the 
range of 6.65 - 13.3Pa (50 - 100mTorr). On the other 
hand, from the viewpoint of productivity, it Is preferable 
to use a unified pressure suitable to the oxidation 
processing such as 133Pa (1 Torr), particularly in the 
case of conducting the oxidation processing and the ni- 
tridation processing continuously, as will be explained 
with reference to other embodiments. Further, it is pref- 
erable to set the partial pressure of NH 3 (or N^Hg) in 
the rare gas to the range of 1-10%, more preferably to 
the range of 2 - 6%. 

[0090] It should be noted that the silicon nitride film 
1 03C th us obtained by the present embodiment showed 
the specific dielectric constant of 7.9, while this value is 
about twice as large as the specific dielectric constant 
of a silicon oxide film. 

[0091] Measurement of the current versus voltage 
characteristics of the silicon nitride film 103C obtained 
by the present embodiment has revealed the fact that 
the film shows a leakage current characteristic smaller 
by the order of 5 - 6 than that of a thermal oxide film 
having the thickness of 1.5nm in the case the film has 
a thickness of 3,0nm (equivalent to the oxide film thick- 
ness of 1 ,5nm), under the condition that a voltage of 1 V 
is applied. This means that it is possible to break through 
the limitation of miniaturization that appears in the con- 
ventional transistors that use a silicon oxide film for the 
gate insulation film, by using the silicon nitride film of the 
present embodiment. 

[0092] Further, it should be noted that the film forma- 
tion condition of the nitride film noted above as well as 
the physical and electrical properties are not limited to 
the case of forming the silicon nitride film on the (100) 
oriented silicon surface but are valid also in the case of 
forming the silicon nitride film on the silicon of any sur- 
face orientation including the (111) surface. 
[0093] It should be noted that the preferable results 
achieved by the present embodiment are not only at- 
tained by the removal of the terminating hydrogen but 
also by the existence of Ar or Kr in the nitride film. Thus, 
In the nitride film of the present embodiment, it is be- 
lieved that Ar or Kr relaxes the stress inside the nitride 
film or at the silicon/nitride film interface. As a result, the 
fixed electric charges in the nitride film or the interface 
state density is reduced, and this contributed also to the 
remarkable improvement of the electric properties and 
the reliability of the nitride film. 
[0094] Particularly, it is thought that the existence of 
Ar or Kr with the surface density of 5 x 1 01 1/cm2 or less 
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is effective forthe improvement of the electric properties 
and reliability of the silicon nitride film, just like the case 
of the silicon oxide film. 

[0095] In order to realize the nitride film 1 03C of the 
present invention, it is also possible to use other plasma 
processing apparatus than the one shown in FIG. 5, as 
long as it enables low temperature oxide film formation 
by using plasma. For example, it is possible to use a 
two-stage shower plate type plasma processing appa- 
ratus that includes a first gas release structure for re- 
leasing an Ar or Kr gas for excitation of plasma by mi- 
crowave and a second gas release structure different 
from the first gas release structure for releasing the NH 3 
(or Ng/hy gas. 

(THIRD EMBODIMENT) 

[0096] FIGS.13A- 1 3D show the formation method of 
a two-layer laminated dielectric structure according to a 
third embodiment of the present invention in which an 
oxide film and nitride film formed by the low-temperature 
plasma process are laminated, as well as a fabrication 
process of a semiconductor device that uses such a two- 
iayer laminated dielectric structure. 
[0097] It should be noted that the apparatus used for 
the formation of the oxide film and the nitride film in the 
present embodiment is identical with the apparatus of 
FIG. 5. In the present embodiment, Kr is used for the 
plasma excitation gas at the time of formation of the ox- 
ide film and the nitride film. 

[0098] First, in the step of FIG.13A, the vacuum ves- 
sel (processing chamber) 101 is evacuated to the vac- 
uum state and an Ar gas is introduced into the process- 
ing chamber 101 from the shower plate 102. Next, the 
gas to be introduced the next is switched to the Kr gas 
from the initial Ar gas, and the pressure of the process- 
ing chamber 101 is set to about 133Pa (1 Torr). 
[0099] Next, the silicon substrate 1 03, preprocessed 
in the preprocessing step immediately before by con- 
ducting the diluted hydrofluoric acid treatment for termi- 
nating the surface dangling bonds of silicon by hydro- 
gen, is introduced into the processing chamber 1 01 and 
placed on the stage 104 having a heating mechanism. 
Further, the temperature of the specimen is set to 
400° C. \ 

[0100] Next, a microwave of 2.45GHz frequency is in- 
troduced to thevradial line slot antenna 1 06 from the co- 
axial waveguide 105 for 1 minute, wherein the micro- 
wave thus supplied is Introduced into the processing 
chamber 1 01 via the dielectric plate 1 07. Thereby, there 
Is induced high-density Kr plasma in the processing 
chamber 101, and the surface-terminating hydrogen is 
removed by exposing the surface of the silicon substrate 
103 to the plasma. 

[0101] Next, in the step of FIG.13B, the pressure in- 
side the processing chamber 101 is maintained at 
133Pa (1 Torr) and a Kr/02 mixed gas is introduced from 
the shower plate 102 with the partial pressure ratio of 



97/3. Thereby, there is formed a silicon oxide film 103A 
on the surface of the silicon substrate 103 with a thick- 
ness of 1.5ntn. 

[0102] Next, in the step of FIG.13C, the supply of the 

5 microwave is shutdown momentarily and supply of the 
0 2 gas is terminated. After purging the interior of the 
vacuum vessel (processing chamber) 101 with Kr, a 
mixed gas of Kr/NH 3 is introduced from the shower plate 
103 with a partial pressure ratio of 98/2. Further, the 

10 pressure of the processing chamber is set to about 
133Pa (1 Torr) and the microwave of 2.56GHz is intro- 
duced again to form the high-density plasma in the 
processing chamber 1 01 . With this, a silicon nitride film 
103N is formed on the surface of the silicon oxide film 

15 1 03A with the thickness of 1 nm. 

[0103] Upon formation of the silicon nitride film 1 03A 
with the desired thickness, the microwave power is shut- 
down and the plasma excitation is terminated. Further, 
the Kr/NH 3 mixed gas is replaced with the Ar gas and 

20 the oxynitridation processing is terminated. 

[0104] Next, in the step of FIG. 1 3D, the oxynitride film 
thus obtained is used for the gate insulation film and a 
gate electrode 1 03B is formed thereon. Further, by con- 
ducting various patterning processing, ion injection 

25 processing, passivation film formation processing, hy- 
drogen sintering processing, and the like, a semicon- 
ductor integrated circuit having transistors or capacitors 
is obtained. 

[0105] Measurement of the effective dielectric con- 

30 stant conducted on such a laminated gate insulation film 
ahs revealed the value of about 6. Further, the film 
showed excellent electric properties and reliability such 
as leakage current characteristic, breakdown character- 
istic, hot-carrier resistance, similarly to the case of the 

35 first embodiment. The gate insulation film thus obtained 
showed no dependence of surface orientation of the sil- 
icon substrate 103, and excellent gate insulation film 
was formed also on the silicon of any surface orientation 
other than the (100) surface. 

40 [0106] While the present embodiment explained the 
two-layer construction in which an oxide film located 
closer to the silicon side and a nitride film are laminated, 
it is also possible to change the order of lamination of 
the oxide film and the nitride film depending on the pro- 

45 pose. Further, it is also possible to form the structure of 
plural laminated films such as oxide/nitride oxide, ni- 
tride/oxide/nitride, and the like. 
[0107] FIG. 14 shows the nitrogen concentration dis- 
tribution in the two-layer laminated structure obtained 

50 by the present embodiment. 

[0108] Referring to FIG. 14, it can be seen that there 
is caused concentration of nitrogen in correspondence 
to the nitride film 1 03N at the depth of 2-3nm from the 
surface of the dielectric film, while there occurs no fur- 

55 ther penetration of nitrogen. Thus, according to the 
present embodiment, it is possible to form a nitride re- 
gion at the oxide film surface with the thickness of 2-3nm 
stably. 
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[0109] FIG. 15 shows the band structure of the semi- 
conductor device of FIG, 1 3D taken along the cross-sec- 
tion A-A' for the thermal equilibrium state. 
[0110] Referring to FIG. 15, there is formed a nitride 
layer 1 03N of small bandgap adjacent to the silicon ox- s 
ide layer 1 03A of large bandgap, and the gate electrode 
103B is formed adjacent to the nitride film layer 103N. 
Further, the silicon substrate 1 03 exists adjacent to the 
silicon oxide film layer 103A. 

[0111] In such a band structure, it should be noted that 10 
the conduction electrons in the silicon substrate 1 03 are 
blocked by the thick dielectric film formed of the silicon 
oxide film 1 03A and the nitride film 1 03N as long as the 
semiconductor device is in the non-driving state in which 
no voltage is applied to the gate electrode 103A, and is 
there is caused no leakage of the conduction electrons 
tot eh gate electrode 103A. As will be explained later 
with reference to the flash memory device, the band 
structure of FIG. 15 is extremely effective for suppress- 
ing the leakage current and simultaneously increasing 20 
the current density of the tunneling current. 

(FOURTH EMBODIMENT) 

[0112] FIG.16A- 1 6C show the formation method of 25 
an oxynitride film conducted at low temperature by using 
plasma according to a fourth embodiment of the present 
invention and a fabrication process of a semiconductor 
device that uses such an oxynitride film, it should be 
noted that the oxynitride film formation apparatus used 30 
in the present embodiment Is identical with the one 
shown in FIG.5. In the present embodiment, Kr is used 
for the plasma excitation gas. 
[0113] First, the interior of the vacuum vessel 
{processing camber 101) of FIG.5 is evacuated to the 35 
vacuum state in the step of FIG. 16A, and an Ar gas is 
introduced into the processing chamber 101 from the 
shower plate 102. Next, the gas introduced to the 
processing chamber 1 01 is switched to a Kr gas from 
the Ar gas, and the pressure inside the processing 40 
chamber is set to about 133Pa(1 Torr). 
[0114] Further, the silicon substrate 103, preproc- 
essed in the preprocessing step conducted immediately 
before by a diluted hydrofluoric treatment for terminating 
the dangling bonds of silicon on the surface by hydro- 45 
gen, is introduced into the processing chamber 1 01 and 
is placed on the\stage 1 04 having a heating mechanism. 
Further, the temperature of the specimen is set to 
400°C. \ 

[0115] Next, a microwave of 2.45GHz frequency is 50 
supplied to the radial line slot antenna 1 06 from the co- 
axial waveguide 105 for 1 minute, wherein the micro- 
wave thus supplied is introduced into the processing 
chamber 107 from the radial lien slot antenna 106 
through the dielectric plate 107. Thereby, there is 55 
formed high-density plasma of Kr in the processing 
chamber 101. The surface-terminating hydrogen is thus 
removed by exposing the surface of the silicon substrate 



1 03 to the plasma thus excited on the Kr gas. 
[0116] Next, in the step of FIG.16B, the pressure of 
the processing chamber 101 is maintained at about 
133 Pa (1 Torr) and a mixed gas of Kr/Og/Nh^ is intro- 
duced from the shower plate 1 03 with the partial pres- 
sure ratio of 96.5/3/0.5. Thereby, a silicon oxynitride film 
1 03E is formed on the silicon surface with the thickness 
of 3.5nm. Upon formation of the silicon oxynitride film of 
the desire film thickness, the supply of the microwave 
power is shutdown and the plasma excitation is termi- 
nated. Further, the Kr/0 2 /NH 3 mixed gas is replaced 
with the Ar gas and the oxynitridation processing is ter- 
minated. 

[01 1 7] Next, in the step of FIG.1 6C, the oxynitride film 
103E thus formed is used for the gate insulation film, 
and a gate electrode 103F is formed on the gate insu- 
lation film 1 03E. Further, by conducting various pattern- 
ing processes, ion implantation processes, passivation 
film formation processes, hydrogen sintering process- 
es, and the like, are conducted, and a semiconductor 
integrated circuit device having transistors and capaci- 
tors is obtained. 

[0118] FIG. 17 shows the relationship between the 
density of atomic state oxygen O* formed in the process- 
ing apparatus of FIG.5 measured by photoemission 
analysis and the mixing ratio of the NH 3 gas in the Kr/ 
02/NH 3 gas. 

[0119] Referring to FIG.1 7, the density of the atomic 
state oxygen O* as measured by the photoemission 
analysis does not change substantially when the mixing 
ratio of the Kr/O^NHa gas is in the range of 97/3/0 - 
95/3/2, while when the ratio of NH 3 is increased further, 
the formation of the atomic state oxygen O* is reduced 
and the amount of the atomic state hydrogen is in- 
creased. Particularly, in the oxynitride film obtained in 
the case the mixing ratio of the Kr/02/NH 3 gas is about 
96.5/3/0.5, it can be seen that the leakage current be- 
comes minimum and both of the breakdown voltage and 
the resistance against electric charge injection are im- 
proved. 

[0120] FIG.1 8 shows the concentration distribution of 
silicon, oxygen and nitrogen in the oxynitride film of the 
present embodiment as measured by a secondary ion 
mass spectrometer, wherein the horizontal axis of FIG. 
18 shows the depth as measured from the surface of 
the oxynitride film. In FIG. 18, it can be seen that the dis- 
tribution of silicon, oxygen and nitrogen is changing gen- 
tly in the film, while this merely means non-uniformity of 
etching and does not mean that the thickness of the ox- 
ynitride film is non-uniform. 

[0121] Referring to FIG.1 8, it can be seen that the 
concentration of nitrogen in the oxynitride film is large 
at the silicon/silicon oxynitride film interface and also at 
the silicon oxynitride film surface and decreases at the 
centra! part of the oxynitride film. Thereby, it should be 
noted that the amount of nitrogen incorporated into the 
oxynitride film Is several ten percent as compared with 
silicon or oxygen. As will be explained later, the nitrogen 
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concentrating to the silicon/silicon oxynitride film inter- 
face in the silicon oxynitride film of FIG. 1 8 is thought as 
relaxing the stress at such an interface. As a result of 
such stress relaxation, the trapping of electric charges 
in the film or the density of Interface states caused by 
the stress is reduced in the silicon oxynitride film of FIG. 
18, and this contributes to the reduction of the leakage 
current. 

[01 22] FIG. 1 9 shows the dependence of leakage cur- 
rent of the oxynitride film of the present embodiment on 
the applied electric field, wherein FIG.1 9 also shows the 
leakage current characteristic of the oxide film of the 
same film thickness in which the exposure process to 
the Kr plasma is omitted before the oxide film formation 
process by the microwave plasma and further the leak- 
age current characteristic of the oxide film formed by a 
thermal oxidation process for the purpose of compari- 
son. 

[01 23] Referring to FIG. 1 9, it can be seen that the val- 
ue of the leakage current at the same electric field is 
reduced by the order of 2 - 4 in the oxynitride film of the 
present embodiment in which the oxynitridation 
processing is conducted by introducing the Kr/O^Nh^ 
gas after removing the terminating hydrogen by the Kr 
plasma irradiation as compared with the oxide film 
formed by the conventional process and that the oxyni- 
tride film thus formed has excellent low-leakage char- 
acteristics. 

[0124] In FIG.1 0 explained before, it should be noted 
thatthe relationship of the leakage current characteristic 
and the film thickness of the oxynitride film thus formed 
is represented by K 

[0125] Referring to FIG. 10 again, the oxynitride film 
formed by the present embodiment after conducting the 
Kr irradiation has a similar leakage characteristic to the 
oxide film formed with a similar process and that the 
leakage current is only 1 x 10" 2 A/cm 2 also in the case 
the film thickness is about 1 ,6nm. 
[01 26] It should be noted that the oxynitride film of the 
present embodiment also showed excellent electric 
properties and reliability such as breakdown character- 
istic and hot carrier resistance superior to the oxide film 
of the first embodiment explained before. Further, there 
was observed no dependence on the surface orientation 
of the silicon substrate, and thus, it becomes possible 
to form a gai$ insulation film of excellent characteristic 
not only on the, (100) surface of silicon but also on the 
silicon surface of any surface orientation. 
[0127] As explained above, it becomes possible to 
form a silicon oxynitride film of superior characteristics 
and film quality on the silicon surface of any surface ori- 
entation at the low temperature of 400° C by conducting 
the silicon oxynitridation processing by using the Kr/0 2 / 
NH 3 high-density plasma, after removing the surface- 
terminating hydrogen. 

[01 28] The reason why such advantageous effect can 
be achieved by the present embodiment is attributed not 
only to the reduction of hydrogen content in the oxyni- 



tride film caused by removal of the surface-terminating 
hydrogen but also to the effect of the nitrogen contained 
in the oxynitride film with a proportion of several ten per- 
cent or less. In the oxynitride film of the present embod- 

5 iment, the content of Kr is about 1/1 0 or less as com- 
pared with the oxide film of the first embodiment, and in 
place of Kr, thef ilm contains a large amount of nitrogen. 
Thus, in the present embodiment, it is believed thatthe 
reduction of hydrogen in the oxynitride film causes re- 

10 duction of weak bonds in the silicon oxyn itride film, while 
the existence of nitrogen in the film caused relaxation of 
stress in the film or at the si/Si0 2 interface. As a result 
of this, the number of trapped electrical charges in the 
film or the surface state density is reduced, and the elec- 
ts trie properties of the oxynitride film is improved signifi- 
cantly. Particularly, it is believed the reduction of hydro- 
gen concentration level in the oxynitride film to 1 0 22 cnr 2 
or less, more preferably 10 11 crrr 2 or less and the exist- 
ence of nitrogen in the film with a proportion of several 

20 ten percent with respect to silicon or oxygen contribute 
to the improvement of the electric properties and relia- 
bility of the silicon oxynitride film. 
[0129] In the present embodiment, the supply of the 
microwave power is shutdown at the end of the oxyni- 

25 trldation processing upon formation of the silicon oxyni- 
tride film with the predetermined thickness, and the Kr/ 
O2/NH3 mixed gas is replaced with the Ar gas. On the 
other hand, it is possible to terminate the oxynitridation 
processing by introducing a Kr/NH3 mixed gas with the 

30 partial pressure ratio of 98/2 from the shower plate 1 03 
before the shutdown of the microwave power while 
maintaining the pressure at 133Pa (1 Torr) and form a 
silicon nitride film on the surface of the silicon oxynitride 
film with the thickness of about 0.7nm. According to this 

35 process, a silicon nitride film is formed on the surface of 
the silicon oxynitride film and an insulation film having 
a higher dielectric constant is obtained. 
[0130] In the oxynitride film of the present embodi- 
ment, it should be noted that the concentration of nitro- 

40 gen to the siiicon/oxynitride film interface and the con- 
centration of nitrogen to the surface of the oxyn itride film 
explained with reference to FIG. 18 are maintained dur- 
ing the growth of the oxynitride film. 
[0131] FIG. 20 shows the change of the nitride distri- 

45 bution profile with the growth of the oxynitride film sche- 
matically. 

[0132] Referring to FIG.20, nitrogen concentrate to 
the surface of the oxynitride film and to the interface be- 
tween the oxynitride film and the underlying silicon sub- 

50 strate, and this tendency is maintained even when the 
oxynitride film has made a growth. As a result, the ox- 
ynitride film, while having an overall composition of an 
oxynitride film, does have a composition near an oxide 
film in the mid depth part of the film and a composition 

55 near a nitride film at the surface as well at the interface 
between the oxynitride film and the substrate. Further, 
the depth of penetration of nitrogen at the oxynitride film 
is limited to 2-3nm or less, and thus, the thickness of the 
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nitride film formed on the surface of the oxynitride film 
is limited to 2-3nm. 

(FIFTH EMBODIMENT) 

[0133] Next, formation process of a semiconductor 
device according to a fifth embodiment of the present 
invention will be described wherein the semiconductor 
device includes a high-quality silicon oxide film formed 
on a corner part of the device isolation sidewall that con- 
stitutes a shallow-trench isolation or on a silicon surface 
having an undulating surface form. 
[0134] FIG.21 A shows the concept of shallow trench 
isolation. 

[0135] Referring to FIG.21A, the illustrated shallow 
trench isolation is formed by forming an isolation trench 
on a surface of a silicon substrate 1003 by conducting 
a plasma etching process, filling the trench thus formed 
with a silicon oxide film 1 002 formed by a CVD process, 
and planarizing the silicon oxide film 1002 by a CMP 
process, and the like. 

[0136] In the present embodiment, the silicon sub- 
strate is exposed to an oxidizing atmosphere at 800 - 
900°C after the polishing step of the silicon oxide film 
1 002 to conduct sacrifice oxidation process, and the sil- 
icon oxide film thus formed as a result of the sacrifice 
oxidation process is etched away in a chemical solution 
containing hydrofluoric acid. Thereby, a silicon surface 
terminated with hydrogen is obtained. In the present em- 
bodiment, a procedure similar to the one explained in 
the first embodiment is conducted and the surface-ter- 
minating hydrogen is removed by using the Kr plasma. 
Thereafter, the Kr/02 gas is introduced and the silicon 
oxide film is formed with the thickness of about 2.5nm. 
[01 37] According to the present embodiment, the sil- 
icon oxide film is formed with a uniform thickness even 
on the corner part of the shallow trench isolation without 
causing decrease of silicon oxide film thickness. The sil- 
icon oxide film thus formed by the plasma oxidation 
process while using the Kr plasma has excellent QBD 
(charge-to-breakdown) characteristics including the 
shallow trench isolation part, and there is caused no in- 
crease of leakage current even in the case the injected 
electric charges are 1 0 2 C/cm 2 . Thus, the reliability of the 
device is improved significantly, 
[01 38] I n the case of forming the silicon oxide film by 
the conventional thermal oxidation process, the thick- 
ness of the silicon oxide film is severely reduced at the 
corner part of the shallow trench isolation with increas- 
ing taper angle of the shallow trench isolation, while in 
the case of the present invention, no such thinning of 
the silicon oxide film is caused at such a corner part of 
the shallow trench isolation even in the case the taper 
angle is increased. Thus, in the present embodiment, 
the use of a near rectangular taper angle for the trench 
of the shallow trench isolation structure enables reduc- 
tion of the area of the device isolation region, and further 
increase of integration density becomes possible in the 



semiconductor device. It should be noted that the taper 
angle of about 70 degrees has been used for the device 
isolation part in the conventional technology, which re- 
lies on the thermal oxidation process, because of the 
s limitation caused by the thinning of the thermal oxide 
film at the trench corner part as shown in FIG.21 B. Ac- 
cording to the present invention, it becomes possible to 
use the angle of 90 degrees. 
[0139] FIG.22 shows the cross-sectional view of the 
10 silicon oxide film formed on a silicon surface in which an 
undulating surface morphology is formed by conducting 
a 90-degree etching, with a thickness of 3nm according 
to the procedure of the first embodiment. 
[0140] Referring to FIG.22, it can be seen that a sili- 
15 con oxide film of uniform thickness is formed on any of 
the surfaces. 

[0141] The oxide film formed as such has excellent 
electric properties such as excellent leakage current or 
breakdown characteristic, and thus, the present inven- 
tion can realize a high-density semiconductor integrated 
circuit having a silicon three-dimensional structure, 
which may include plural surface orientations as in the 
case of a vertical structure. 

(SIXTH EMBODIMENT) 

[01 42] FIG .23 shows the construction of a flash mem- 
ory device 20 according to a sixth embodiment of the 
present invention, wherein those parts corresponding to 
the parts described before are designated by the same 
reference numerals and the description thereof will be 
omitted. 

[0143] Referring to FIG.23, the flash memory device 
20 of the present embodiment uses the dielectric film 
1 2A of the third embodiment or the fourth embodiment, 
for the tunneling insulation film 12. 
[0144] FIG.24 shows the state in which awritevoltage 
is applied to he control gate electrode 15 in the flash 
memory device 20 of FIG. 23. 
[0145] Referring to FIG.24, it can be seen that the 
band structure of the silicon oxide film and the nitride 
film constituting the dielectric film 12A changes signifi- 
cantly upon application of the write voltage to the control 
gate electrode 15 due to the corresponding change of 
potential of the floating gate electrode 13, and the hot 
electrons formed in the channel region 11 A are injected 
into the floating gate electrode 1 3 after passing through 
the triangular potential formed by the conduction band 
Ec of the silicon oxide film in the form of Fowler-Nordhe- 
im current. 

[0146] As explained already with reference to FIG. 15, 
such a dielectric film forms a thick potential barrier with 
regard to the conducting electrons in the channel region 
11 A in the non-writing state of the flash memory device 
20, and the tunneling current is effectively blocked. 
[0147] FIG. 25 shows the voltage versus current char- 
acteristic of the tunneling insulation film 1 2A of the flash 
memory device 20 of FIG.25 in superposition with the 
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graph of FIG. 3, 

[0148] Referringto FIG.25, it can be seen thatthe tun- 
neling insulation film 12A provides a very low leakage 
current in the case the applied electricfield is small while 
the tunneling current increases sharply when the ap- s 
plied electricfield Is increased in responseto application 
of a predetermined write voltage, and it becomes pos- 
sible to conduct efficient writing of information in short 
time. Further, in the case of conducting the writing with 
the level of conventional injection current, thetime need- 10 
ed for writing is reduced. 

[0149] In the flash memory device 20 of FIG.23, the 
stress at the interface between the Si substrate 1 1 and 
the tunneling insulation film 12A is relaxed by using the 
oxynitride film 103E formed in the process of FIGS.16A is 
- 1 6C for the tunneling insulation film 1 2A and the quality 
of the tunneling insulation film 12A is improved. As a 
result, the leakage current is reduced further. This 
means that the thickness of the tunneling insulation film 
12A can be reduced, and thus, it becomes possible to 20 
realize a flash memory operating at low voltage. 

(SEVENTH EMBODIMENT) 

[0150] Next, a flash memory device according to a 25 
seventh embodiment of the present invention that uses 
the low-temperature formation technology of oxide film 
and nitride film or the low-temperature formation tech- 
nology of oxynitride film by plasma will be explained. In 
the description below, it should be noted that the expla- 30 
nation is made on aflash memory device, while it should 
be noted that the present invention is applicable also to 
EPROMs andEEPROMs. 

[0151] FIG.26 shows the schematic cross-sectional 
diagram of a flash memory device according to the 35 
present embodiment. 

[0152] Referring to FIG.26, the flash memory device 
is constructed on a silicon substrate 1201 and includes 
a tunneling oxide film 1202 formed on the silicon sub- 
strate 1201, a first polysilicon gate electrode 1203 40 
formed on the tunneling oxide film 1202 as a floating 
gate electrode, a silicon oxide film 1204 and a silicon 
nitride film 1 205 formed consecutively on the polysilicon 
gate electrode 1203, and a second polysilicon gate elec- 
trode 1206 formed on the silicon nitride film 1205 as'a 45 
control gatexelectrode. in FIG.26, illustration of the 
source region, 'drain region, contact hole, interconnec- 
tion patterns, and the like, is omitted. It should be noted 
that the silicon oxide film 1202 is formed by the silicon 
oxide film formation method explained with reference to so 
the first embodiment, while the laminated structure of 
the silicon oxide film 1204 and the nitride film 1205 is 
formed by the formation method of silicon nitride film ex- 
plained in relation to the third embodiment. 
[0153] FIGS.27 - 30 are schematic diagrams explain- 55 
ing the fabrication process of the flash memory device 
of the present embodiment step by step. 
[0154] Referring to FIG.27, a silicon substrate 1301 



includes a flash memory cell region A, a high-voltage 
transistor region B and a low-voltage transistor region 
C such that the regions A - C are defined by a field oxide 
film 1 302, wherein a silicon oxide film 1 303 is formed on 
the surface of the silicon substrate 1301 in each of the 
regions A - C. The field oxide film 1 302 may be formed 
by a selective oxidation process (LOCOS method) or 
shallow trench isolation method. 
[01 55] In the present embodiment, Kr is used for the 
plasma excitation gasforthe removal of the surface-ter- 
minating hydrogen or for the formation of the oxide film 
and the nitride film. The same apparatus explained with 
reference to FIG.5 is used for the formation of the oxide 
film and the nitride film. 

[0156] Next, in the step of FIG.28, the silicon oxide 
film 1 303 is removed from the memory cell region A and 
the silicon surface is terminated by hydrogen by con- 
ducting the cleaning process in a hydrochloric acid so- 
lution. Further, atunnellng oxidefilm 1 304 is formed sim- 
ilarly the first embodiment before. 
[0157] Thus, the vacuum vessel (processing cham- 
ber) 101 Is evacuated to the vacuum state similarly to 
the first embodiment and the Ar gas is introduced into 
the processing chamber 1 01 from the shower plate 1 02. 
Next, the Ar gas is switched to the Kr gas and the pres- 
sure inside the processing chamber 101 is set to about 
1 Torn 

[0158] Next, the silicon oxide film 1303 is removed 
and the hydrofluoric acid treatment is applied to the sil- 
icon substrate. The silicon substrate 1301 thus proc- 
essed is introduced into the processing chamber 1 01 as 
the silicon substrate 103 of FIG.5 and is placed on the 
stage 104 equipped with the heating mechanism. Fur- 
ther, the temperature of the substrate is set to 400°C. 
[0159] Further, a microwave of 2.45G Hz frequency is 
supplied from the coaxial waveguide 105 to the radial 
line slot antenna 106 for 1 minute, wherein the micro- 
wave thus supplied is introduced into the processing 
chamber 101 from the radial line slot antenna 106 
through the dielectric plate 1 07. By exposing the surface 
of the silicon substrate to the high-density Kr plasma 
thus formed in the processing chamber 101 , the termi- 
nating hydrogen are removed from the silicon surface 
of the substrate 1301, 

[0160] Next, the Kr gas and the 0 2 gas are introduced 
from the shower plate 1 02, and a silicon oxide film 1 304 
used for the tunneling insulation film is formed on the 
region A with a thickness of 3.5nm. Next, a first polysil- 
icon layer 1305 is deposited so as to cover the silicon 
oxide film 1304. 

[01 61 ] Next, the first polysilicon layer 1 305 is removed 
from the regions B and C for the high voltage and low 
voltage transistors by a patterning process, such that 
the first polysilicon pattern 1305 is left only on the tun- 
neling oxide film 1304 in the memory cell region A. 
[0162] After this etching process, a cleaning process 
is conducted and the surface of the polysilicon pattern 
1305 is terminated with hydrogen. 



15 



29 



EP 1 347 507 A1 



30 



[0163] Next, in the step of FIG.29, an insulation film 
1 306 having an ON structure and including a lower oxide 
film 1306A and an upper nitride film 1306B therein is 
formed so as to cover the surface of the polysilicon pat- 
tern 1305 similarly to the third embodiment. 
[0164] More specifically, this ON film is formed as fol- 
lows. 

[0165] The vacuum vessel (processing chamber) 1 01 
is evacuated to a vacuum state and the AR gas supplied 
from the shower plate 1 02 is switched to the Kr gas. Fur- 
ther, the pressure inside the processing chamber is set 
to about133Pa(1 Torr). Next, the silicon substrate 1301 
carrying thereon the polysilicon pattern 1 305 in the state 
that the hydrogen termination is made is introduced into 
the processing chamber 1 01 and is placed on the stage 
104 having the heating mechanism. Further, the tem- 
perature of the specimen is set to 400°C. 
[0166] Next, a microwave of 2.45GHz frequency is 
supplied to the radial line slot antenna 1 06 from the co- 
axial waveguide 105 for about 1 minute. Thereby, the 
microwave is introduced into the processing chamber 
101 from the radial line slot antenna 106 through the 
dielectric plate 107, and there is formed a high-density 
Kr plasma. As a result, the surface of the polysilicon pat- 
tern 1305 is exposed to the Kr gas and the surface ter- 
minating hydrogen is removed. 
[01 67] Next, a Kr/02 mixed gas is introduced into the 
processing chamber 101 from the shower plate 102 
while maintaining the pressure of the processing cham- 
ber 101 to 133Pa (1 Torr), and a silicon oxide film is 
formed on the polysilicon surface with a thickness of 
3nm. 

[0168] Next, the supply of the microwave is shutdown 
temporarily and introduction of the Kr gas and the 0 2 
gas is interrupted. Next, the interior of the vacuum ves- 
sel (processing chamber) 101 is evacuated and the Kr 
gas and an NH 3 gas are introduced from the shower 
plate 1 02. The pressure inside the processing chamber 
101 is set to about 13.3Pa (100 mTorr) and the micro- 
wave of 2,45GHz is supplied again into the processing 
chamber 101 via the radial line slot antenna. Thereby, 
high-density plasma is formed in the processing cham- 
ber and a silicon nitridef ilm is formed on the silicon oxide 
film surface with the thickness of 6nm. 
[0169] Thus, there is formed an ON film with a thick- 
ness of 9nm/wherein it should be noted thatthe ON film 
thus obtained was extremely uniform characterized by 
a uniform film thickness, and no dependence on the 
polysilicon surface orientation was observed. 
[0170] After such a process of formation of the ON 
film, the insulation film 1 306 is removed from the regions 
B and C for the high-voltage and low-voltage transistors 
by conducting a patterning process in the step of FIG. 
30, and ion implantation is conducted into the foregoing 
regions B and C of the high-voltage and low-voltage 
transistors for threshold control. Further, the oxide film 
1303 is removed from the regions B and C and a gate 
oxide film 1307 is formed on the region B with a thick- 



ness of 5nm. Thereafter, a gate oxide film 1308 is 
formed on the region C with a thickness of 3nm. 
[0171] Afterthis, a second polysilicon layer 1309 and 
a silicide layer 1 31 0 are formed consecutively on the en- 

s tire structure including the field oxide film 1302, and 
there are formed gate electrodes 1 31 1 B and 1 31 1 C re- 
spectively in the high-voltage transistor region B and the 
low-voltage transistor region C by patterning the second 
polysilicon layer 1309 and the silicide layer 1310. Fur- 

10 ther, there is formed a gate electrode 1 31 1 A in corre- 
spondence to the memory cell region A. 
[0172] After the step of FIG.30, source and drain re- 
gions are formed according to a standard semiconduc- 
tor process, and the device is completed by further con- 

15 ducting formation of interlayer insulation films and con- 
tact holes and formation of wiring patterns. 
[0173] In the present invention, it should be noted that 
the insulation films 1306A or 1306B maintains excellent 
electric properties even when the thickness thereof is 

20 reduced to about one half the conventional thickness of 
the oxide film or nitride film. Thus, these silicon oxide 
film 1306A and silicon nitride film 1306B maintains ex- 
cellent electric properties even when the thickness 
thereof Is reduced. Further, these films are dense and 

25 have high quality. Further, it should be noted that, be- 
cause the silicon oxide film 1 306A and the silicon nitride 
film 1306B are formed at low temperature, there arises 
no problem of thermal budget at the interface between 
the polysilicon gate and the oxide film, and excellent in- 

30 terrace is realized. 

[0174] The flash memory device of the present inven- 
tion can perform the writing and erasing of information 
at low voltage, and because of this, the formation of sub- 
strate current is suppressed. Thereby, deterioration of 

35 the tunneling insulation film is suppressed. Thus, it be- 
comes possible to produce a non-volatile semiconduc- 
tor memory with high yield by arranging the flash mem- 
ory of the present invention in a two-dimensional array. 
The non-volatile semiconductor memory apparatusthus 

40 formed shows stable characteristics. 

[0175] Thus, the flash memory device of the present 
invention is characterized by small leakage current due 
to the excellent film quality of the insulation films 1 306A 
and 1306B. Further, it becomes possible to reduce the 

45 film thickness without increasing the leakage current. 
Thus, it becomes possible to perform the writing opera- 
tion or erasing operation at an operational voltage of 
about 5V. As a result, the memory retention time of the 
flash memory device is increase by the order of 2 or 

so more as compared with the conventional device, and the 
number of possible rewriting operation is increase by the 
order of 2 or more. 

[0176] It should be noted that the film structure of the 
insulation film 1306 is not limited to the ON structure 
55 explained above but it is also possible to use an O struc- 
ture formed of an oxide film similar to that of the first 
embodiment or an N structure that uses a nitride film 
similar to the case of the second embodiment. Further, 
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it is possible to use an oxynitride film similar to the one 
shown in the fourth embodiment, Further, the insulation 
film 1306 may have an NO structure formed of a nitride 
film and an oxide film or an ONO structure in which an 
oxide film, a nitride film and an oxide film are laminated 
consecutively, Further, the insulation film 1306 may 
have an NONO structure in which a nitride film, an oxide 
film, a nitride film and an oxide film are laminated con- 
secutively. Choice of any of the foregoing structures can 
be made according to the purpose from the viewpoint of 
compatibility with the gate insulation film used in the high 
voltage transistor or low voltage transistor in the periph- 
eral circuit or from the viewpoint of possibility of shared 
use. 

(EIGHTH EMBODIMENT) 

[01 77] It should be noted thatthe formation of the gate 
insulation film by using the foregoing Kr/0 2 microwave- 
excited high-density plasma or the formation of the gate 
nitride film by using the Ar (or Kr)/NH 3 (or ^2/^2) micro- 
wave-excited high-density plasma, is advantageous to 
the formation of a semiconductor integrated circuit de- 
vice on a silicon-on-insulatorwafer including a metal lay- 
er in the underlying silicon (metal-substrate SOI). It 
should be noted that the use of high temperature proc- 
ess is not possible in such a metal-substrate SOL Par- 
ticularly, the effect of removal of the terminating hydro- 
gen appears conspicuously in the SOI structure having 
a small silicon thickness and performing completely de- 
pleted operation. 

[0178] FIG.31 shows the cross-section of a MOS tran- 
sistor having a metal-substrate SOI structure. 
[0179] Referring to FIG.31, 1701 is a low-resistance 
semiconductor layer of n+-type or p+-type, 1 702 Is a sil- 
icide layer such as NiSi, 1 703 is a conductive nitride lay- 
er such asTaN or TIN, 1704 is a metal layer such as Cu, 
and the like, 1705 is a conductive nitride film such as 
TaN orTiN, 1 706 is a low-resistance semiconductor lay- 
er of n+-type or p4--type, 1707 is a nitride insulation film 
such as AIN, Si 3 N 4 , and the like, 1708 is an Si0 2 film, 
1 709 is an Si0 2 layer or a BPSG layer or an insulation 
layer combining these, 1710 us a drain region of n+- 
type, 1 71 1 us a source region of n+-type, 1 71 2 is a drain 
region of p+-type, 1713 is a source region of p+-type, 
1714 and 171 x 5 are silicon semiconductor layers orient- 
ed in the <1lf> direction, 1716 is an SI0 2 film formed 
by the Kr/0 2 microwave-excited high-density plasma af- 
ter removing the surface-terminating hydrogen by the 
procedure of the first embodiment of the present inven- 
tion, 1 717 and 1 71 8 are respectively the gate electrodes 
of an n-MOS transistor and a p-MOS transistor and 
formed of Ta, Ti, TaN/Ta, TiN/Ti, and the like, 1719 is a 
source electrode of the n-MOS transistor, and 1720 is a 
drain electrode of the n-MOS transistor and a p-MOS 
transistor. Further, 1721 is a source electrode of a 
p-MOS transistor and 1 722 is a substrate surface elec- 
trode. 



[0180] In such a substrate including a Cu layer and 
protected by TaN or TIN, the temperature of thermal 
processing has to be about 700°C or less for suppress- 
ing diffusion of Cu. Thus, the source or drain region of 
5 n+-type or p-Mype is formed by conducting a thermal 
annealing process at550°C after ion implantation proc- 
ess of As+, AsF 2 + or BF 2 +. 

[01 81 ] In the semiconductor device having the device 
structure of FIG.31 , it should be noted that the compar- 
10 ison of the transistor sub-threshold characteristics be- 
tween the case the gate insulation film is formed by a 
thermal oxide film and the case the gate insulation film 
is formed by the Kr/0 2 microwave-excited high-density 
plasma after removing the surface-terminating hydro- 
's gen by conducting the Kr plasma irradiation process, 
has revealed the fact that there appears kink or leakage 
in the sub-threshold characteristics when the gate insu- 
lation film Is formed by the thermal oxidation process, 
while in the case the gate insulation film is formed by 
20 the present invention, excellent sub-threshold charac- 
teristics are obtained. 

[0182] In the case a mesa-type device isolation struc- 
ture is used, it should be noted that there appears a sil- 
icon surface having a surface orientation different from 

25 that of the silicon surface forming the flat part, at the 
sidewall part of the mesa device isolation structure. By 
forming the gate insulation film by the plasma oxidation 
process while using Kr, the oxidation of the mesa device 
isolation sidewall is achieved generally uniformly siml- 

30 larly to the flat part, and excellent electric properties and 
high reliability are achieved, 
[0183] Further, it becomes possible to form a metal- 
substrate SOI integrated circuit device having excellent 
electric properties and high reliability also in the case of 

35 using a silicon nitride film formed by Ar/NH 3 according 
to the procedure of the second embodiment for the gate 
insulation film. 

[0184] In the present embodiment, too, it is possible 
to obtain excellent electric characteristics even in the 
40 case the thickness of the silicon nitride film is set to 3nm 
(1 ,5nm in terms of silicon oxide film equivalent thick- 
ness), and the transistor drivability is improved by about 
twice as compared with the case of using a sillconoxide 
film of 3nm thickness. 

45 

(NINTH EMBODIMENT) 

[0185] FIG.32 schematically shows an example ofthe 
fabrication apparatus according to an eighth embodi- 
50 ment of the present invention intended to conduct oxi- 
dation processing, nitridation processing or oxynitrida- 
tion processing on a large rectangular substrate such 
as a glass substrate or a plastic substrate on which liquid 
crystal display devices or organic electro-luminescence 
55 devices are formed, 

[0186] Referring to FIG, 32, a vacuum vessel 
(processing chamber) 1 807 is evacuated to a low pres- 
sure state and a Kr/0 2 mixed gas s introduced from a 



50 



55 



17 



33 



EP 1 347 507 A1 



34 



shower plate 1 801 provided in the processing chamber 
1807, Further, the processing chamber 1807 is evacu- 
ated by a lead screw pump 1 802 such that the pressure 
inside the processing chamber 1807 is set to 133Pa (1 
Torr). Further, a glass substrate 1803 is placed on a s 
stage 1804 equipped with a heating mechanism, and 
the temperature of the glass substrate is set to 300°C. 
[01 87] The processing chamber 1 807 is provided with 
a large number of rectangular waveguides 1805 and a 
microwave is introduced into the processing chamber 10 
1807 from respective slits of the foregoing rectangular 
waveguides 1805 via a dielectric plate 1806, and high- 
density plasma is formed in the processing chamber 
1807, Thereby, the shower plate 1801 provided in the 
processing chamber 1807 functions also as a is 
waveguide for propagating the microwave emitted by 
the waveguide in the right and left directions in the form 
of a surface wave. 

[0188] FiG.33 shows an example of a polysilicon thin 
film transistor (TFT) used for driving a liquid crystal dis- 20 
play device or an organic EL photoemlssion device or 
for use in a processing circuit, wherein it should be noted 
that the polysilicon thin film transistor of FIG.33 is 
formed by using the gate oxide film or gate nitride film 
of the present invention while using the apparatus of 25 
FIG.32. 

[0189] First, the example of using a silicon oxide film 
will be explained. 

[0190] Referring to FIG.33, 1901 is a glass substrate, 
1 902 is a Si 3 N 4 film, 1 903 is a channel layer of a poly- 30 
silicon n-MOS transistor having a predominantly (111) 
orientation, 1 905 and 1 906 are respectively a source re- 
gion and a drain region of the polysilicon n-MOS tran- 
sistor, 1904 is a channel layer of a polysilicon p-MOS 
transistor having a predominantly (111) orientation, and 35 
1907 and 1908 are respectively a source region and a 
drain region of the polysilicon p-channel MOS transistor. 
Further, 1901 is a gate electrode of the polysilicon 
n-MOS transistor while 1911 is a gate electrode of the 
polysilicon p-MOS transistor, 1912 is an insulation film 40 
such as Si0 2 , BSG or BPSG, 1913 and 1914 are re- 
spectively the source electrode of the polysilicon n-MOS 
transistor (and simultaneously the drain electrode of the 
polysiiicon p-MOS transistor), and 1915 is the source 
electrode of. the polysilicon p-MOS transistor. 45 
[01 91 ] It should be noted that a polysilicon film formed 
on an insulatidn film takes a stable state when having 
the (111) surface' orientation in the direction perpendic- 
ular to the insulatipn film. In this state, the polysilicon 
film is dense and well crystallized and th us provides high so 
quality, In the present embodiment, it should be noted 
that 1909 is a silicon oxide film layer of the present in- 
vention formed by the procedure similar to the one ex- 
plained with reference to the first embodiment by using 
the apparatus of FIG.32 and has a thickness of 0.2 um 55 
The oxide film 1 909 is formed on the (111) oriented poly- 
silicon at 400°C with a thickness of 3nm. 
[0192] According to the present invention, there oc- 



curred no thinning of oxide film at the sharp corner part 
of the device isolation region formed between the tran- 
sistors, and it was confirmed that the silicon oxide film 
is formed with uniform film thickness on the polysilicon 
film in any of the fiat part and edge part, The ion implan- 
tation process for forming the source and drain regions 
was conducted without passing the ions through the 
gate oxide film, and the electrical activation was made 
at 400°C. As a result, the entire process can be con- 
ducted at a temperature of 400°C or less and formation 
of transistors became possible on a glass substrate. The 
transistor thus formed had the mobility of about 300cm 2 / 
Vsec, or more for electrons and about 150cm 2 A/sec or 
more for holes. Further, a voltage of 12V or more was 
obtained for the source and drain breakdown voltages 
and for the gate breakdown voltage. Further, a high- 
speed operation exceeding 100MHz became possible 
in the transistor having the channel length of about 
1 .5-2.0nm. Further, it was confirmed that the siiicon ox- 
ide film showed excellent leakage characteristics and 
excellent characteristics for the interface states formed 
at the polysilicon/oxide fiim interface. 
[01 93] By using the transistor of the present embodi- 
ment, the liquid crystal display devices or organic EL 
photoemission devices can provide various advanta- 
geous features such as large display area, low cost, 
high-speed operation, high reliability, and the like. 
[0194] While the present embodiment is the one in 
which the gate insulation film or the gate nitride film of 
the present invention is applied to a polysilicon, the 
present embodiment is applicable also to the gate oxide 
film or gate insulation film of an amorphous siiicon thin- 
film transistor (TFT) or staggered-type thin-film transis- 
tor (TFT), which is used in a liquid crystal display device 
and the like. 

(TENTH EMBODIMENT) 

[0195] Next, an embodiment of a three-dimensional 
stacked LSI in which an SOI device having a metal layer, 
a polysilicon device and an amorphous silicon device 
are stacked will be described. 
[0196] FIG.34 show the cross-section of the three-di- 
mensional LSI of the present invention schematically. 
[01 97] Referring to FIG.34, 2001 is a first SOI device 
and wiring layer, 2002 is a second SOI device and a wir- 
ing layer, 2003 is a first polysilicon device and a wiring 
layer, 2004 is a second polysilicon device and a wiring 
layer, while 2005 is a layer of an amorphous semicon- 
ductor device and a functional-material device and in- 
cludes a wiring layer thereof . 
[0198] In the first SOI and wiring layer 2001 and also 
in the second SOI and wiring layer 2002, there are 
formed various parts such as digital processing parts, 
high-precision and high-speed analog parts, synchro- 
nous DRAM parts, power supply parts, interface circuit 
parts, and the like, by using the SOI transistors ex- 
plained with reference to the seventh embodiment. 
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[0199] In the first polysilicon device and wiring layer 
2003, there are formed various parallel digital process- 
ing parts, inter-functional block repeater parts, memory 
device parts, and the like, by using the polysilicon tran- 
sistors or flash memories explai ned with reference to the 
sixth or eighth embodiments together with the wiring lay- 
er of the first polysilicon device layer 2003. 
[0200] In the second polysilicon device and wiring lay- 
er 2004, there are formed parallel analog processing 
parts such as an amplifier, A/D converter, and the like, 
by using the polysilicon transistor explained with refer- 
ence to the eighth embodiment. Further, optical sen- 
sors, sound sensors, touch sensors, wireless transceiv- 
er parts, and the like, are formed in the amorphous sem- 
iconductor device/functional-material device and wiring 
layer 2005. 

[0201] The signals formed by the optical sensors, 
sound sensors, touch sensors, wireless transceiver 
parts, and the like, provided in the amorphous semicon- 
ductor device/functionai-material and wiring layer 2005 
are processed by the parallel analog processing part 
such as an amplifier or A/D converter in the second poly- 
silicon device and wiring layer 2004, and are forwarded 
further to the parallel digital processing parts and the 
memory device parts formed in the second polysilicon 
device and wiring layer 2004 by the polysilicon transis- 
tors and flash memory devices, The signals thus proc- 
essed are then processed by the digital processing 
parts, high-precision and high-speed analog parts orthe 
synchronous DRAM parts provided in the first SOI and 
wiring layer 2001 or second SOI and wiring layer 2002 
by using the SOI transistors. 
[0202] Further, the inter-functional block repeater part 
provided in the first polysilicon device and the wiring lay- 
er 2003 does not occupy a large area even when pro- 
vided with plural numbers, and it Is possible to achieve 
synchronization of signals all over the LSI. 
[0203] It should be noted that such a three-dimension- 
al LSI has become possible as a result of the technology 
explained in detail with reference to the embodiments. 

INDUSTRIAL APPLICABILITY 

[0204] According to the present invention, it becomes 
possible to form a tunneling oxide film on a silicon sur- 
face such as a silicon substrate in the form that an oxide 
film and a nitride film are laminated or a nitride film and 
an oxide film and a nitride film are laminated consecu- 
tively such that the tunneling oxide film as a whole as 
the composition of an oxynitride film. Thereby, the leak- 
age current is reduced significantly while simultaneous- 
ly reducing the film thickness. With this, it becomes pos- 
sible to increase the tunneling current density of a flash 
memory device, and the like, at the time of writing, and 
the operational speed is improved. Further, the opera- 
tional voltage is reduced. 



Claims 

1. A dielectric film formed on a silicon surface, 

said dielectric film containing nitrogen with a 
5 concentration distribution such that a nitrogen con- 
centration increases at a dielectric film surface as 
compared to a central part of said dielectric film. 

2. The dielectric film as claimed in claim 1 , wherein 
10 said nitrogen concentration increases in said die- 

lectricfilm also in the vicinity of an interface with said 
silicon surface as compared with a central part of 
said dielectric film. 

*5 3. The dielectric film as claimed in claim 1 , wherein 
said dielectric film comprises a silicon oxynitride 
film, and wherein said nitrogen concentration be- 
comes minimum at a central part of said film. 

20 4. The dielectric film as claimed in claim 1 , wherein 
said dielectric film substantially has a composition 
of a silicon nitride film at a fiim surface contacting 
with said electrode, 

25 5. The dielectric film as claimed in claim 1 , wherein 
said dielectric film substantially has a composition 
of a silicon oxide film at a central part of said film. 

6. A semiconductor device, comprising: 

30 

a silicon substrate; 

an insulation film formed on said silicon sub- 
strate; and 

an electrode formed on said insulation film, 

35 

wherein said insulation film has a nitrogen 
concentration distribution such that a nitrogen con- 
centration increases at a film surface contacting 
with said electrode as compared with a central part 
40 of said fiim. 

7. The semiconductor device as claimed in claim 5, 
wherein said nitrogen concentration increases in 
said Insulation film in the vicinity to an interface to 

45 said silicon substrate as compared with said central 
part. 

8. The semiconductor device as claimed in claim 6, 
wherein said insulation film is a silicon oxynitride 

50 film, and wherein said nitrogen concentration be- 
comes minimum at said central part of said film. 

9. The semiconductor device as claimed in claim 6, 
wherein said Insulation film substantially has a com- 

55 position of a silicon nitride film at a film surface con- 
tacting with said electrode. 

10. The semiconductor device as claimed in claim 6, 
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wherein said insulation film substantially has a com- 
position of a silicon oxide film at said central part of 
said film. 

11. The semiconductor device as claimed in claim 6, 
wherein there is further provided a second elec- 
trode on said first electrode via an inter-electrode 
insulation film. 

12. A non-volatile semiconductor memory device, com- 
prising: 

a silicon substrate; 

a tunneling insulation film formed on said sili- 
con substrate; 

a floating gate electrode formed on said tun- 
neling insulation film; and 
a control gate electrode formed on said floating 
gate electrode via an inter-electrode insulation 
film, 

one of said insulation films having a nitrogen 
concentration distribution such that a nitrogen 
concentration increases at a film surface con- 
tacting with said electrode as compared with a 
central part of said film, 

13. The non-volatile semiconductor device as claimed 
in claim 12, wherein said nitrogen concentration in- 
creases also in said tunneling insulation film near 
an interface to said silicon substrate as compared 
with said central part of said film. 

14. The non-volatile semiconductor device as claimed 
in claim 12, wherein said tunneling insulation film is 
comprised of a silicon oxynitride film and wherein 
said nitrogen concentration becomes minimum at a 
centra! part of said film. 

15. The non-volatile semiconductor device as claimed 
in ciaim 12, wherein said tunneling insulation film 
substantially has a composition of a silicon nitride 
film at a film surface contacting with said electrode. 

16. The non-volatile semiconductor device as claimed 
in claim 1, wherein said tunneling insulation film 
substantially has a composition of a silicon oxide 
film at a central part of said film. 

17. A method of forming a dielectric film, comprising the 
steps of: 

forming a silicon oxide film on a surface; 
modifying a surface of said silicon oxide film by 
exposing the same to hydrogen nitride radicals 
NH*. 

18. The method of forming a dielectric film as claimed 
in claim 17, wherein said hydrogen nitride radicals 



NH* are formed by a microwave plasma formed in 
a mixed gas of an inert gas selected from Ar or Kr 
and a gas containing nitrogen and hydrogen as con- 
stituent elements. 

5 

19. The method of forming a dielectric film as claimed 
in claim 1 8, wherein said microwave plasma has an 
electron density of 10 12 cnr 2 or more at said sur- 
face. 

w 

20. The method of forming a dielectric film as claimed 
in ciaim 18, wherein said microwave plasma has a 
plasma potential of 10V or less at said surface. 

is 21 . The method of forming a dielectric film as claimed 
in claim 18, wherein said gas containing nitrogen 
and hydrogen as constituent elements comprises 
an NH 3 gas. 

20 22. The method of forming a dielectric film as claimed 
in claim 18, wherein said gas containing said nitro- 
gen and hydrogen is a mixed gas of a N 2 gas and 
a H 2 gas. 

25 23, The method of forming a dielectric film as claimed 
in claim 17, wherein said surface comprises a sili- 
con surface and said oxide film is formed by oxida- 
tion of said silicon surface. 

30 24. The method of forming a dielectric film as claimed 
in claim 23, wherein said oxidation of said silicon 
surface is conducted by exposing said silicon sur- 
face to microwave plasma formed in a mixed gas of 
an inert gas predominantly of Kr and a gas contain- 
35 ing oxygen as a constituent element. 

25. The method of forming a dielectric film as claimed 
in claim 23, wherein said silicon oxide film is formed 
by thermal oxidation of said surface. 

40 

26. A method of forming a dielectric film, comprising the 
steps of: 

forming a silicon oxide film on a surface; and 
45 modifying a surface of said silicon oxide film by 

exposing the same to microwave plasma 
formed in a mixed gas of an inert gas selected 
from Ar or Kr and a gas containing nitrogen and 
hydrogen as constituent elements. 

50 

27. The method of forming a dielectric film as claimed 
in claim 26, wherein said microwave plasma has an 
electron density of 10 12 crrr 3 or more at said sur- 
face. 

55 

28. The method of forming a dielectric film as claimed 
in claim 26, wherein said microwave plasma has a 
plasma potential of 10V or less at said surface. 
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29. The method of forming a dielectric film as claimed 
in claim 26, wherein said gas containing said nitro- 
gen and hydrogen as constituent elements com- 
prises a NH 3 gas. 

30. The method of forming a dielectric film as claimed 
in claim 26, wherein said gas containing nitrogen 
and hydrogen comprises a mixed gas of a N 2 gas 
and a H 2 gas, 

31. The method of forming a dielectric film as claimed 
in claim 26, wherein said surface comprises a sili- 
con surface and wherein said oxide film is formed 
by oxidation of said silicon surface. 

32. The method of forming a dielectric film as claimed 
in claim 31 , wherein said oxidation of said silicon 
surface is conducted by the step of exposing said 
silicon surface to microwave plasma formed in a 
mixed gas of an inert gas predominantly of Kr and 
a gas containing oxygen as a constituent element. 

33. The method of forming a dielectric film as claimed 
in claim 31 , wherein said silicon oxide film is formed 
by thermal oxidation of said silicon surface, 

34. The method of forming a dielectric film comprising 
the step of exposing a silicon surface to microwave 
plasma formed in a mixed gas of an inert gas pri- 
marily formed of Kr, a gas containing nitrogen as a 
constituent element and a gas containing oxygen 
as a constituent element, to form an oxynitride film 
on said silicon surface. 

35. The method of forming a dielectric film as claimed 
in claim 34, wherein said microwave plasma has an 
electron density of 10 12 cm* 3 or less at said silicon 
surface. 

36. The method of forming a dielectric film as claimed 
in claim 34, wherein said microwave plasma has a 
plasma potential of 10V or less at said silicon sur- 
face. 

37. The method of forming a dielectric film as claimed 
in claim 34, wherein said gas containing nitrogen as 
a constituent element comprises a NH 3 gas, and 
said gas containing oxygen as a constituent ele- 
ment comprises an 0 2 gas, 

38. The method of forming a dielectric film as claimed 
in claim 37, wherein said inert gas and said 0 2 gas 
and said NH 3 gas are supplied with a partial pres- 
sure ratio of 96.5:3:0.5. 

39. The method of forming a dielectric film as claimed 
in claim 34, wherein said silicon surface is exposed 
to said atomic state oxygen O* and hydrogen nitride 



radicals NH* in said step of exposing said silicon 
surface to said microwave plasma. 

40. A method of fabricating a semiconductor device, 
5 comprising the steps of; 

forming a silicon oxide film on a silicon sub- 
strate by an oxidation processing; 

modifying a surface of said silicon oxide film 
by exposing the same to hydrogen nitride radicals 
10 NH*; and 

forming a gate electrode on said modified sil- 
icon oxide film. 

41 . The method of fabricating a semiconductor device 
15 as claimed in claim 34, wherein said hydrogen ni- 
tride radicals NH* are formed by microwave plasma 
formed in a mixed gas of an inert gas selected from 
Aror Kr and a gas containing nitrogen and hydrogen 
as constituent elements. 

20 

42. The method of fabricating a semiconductor device 
as claimed in claim 41 , wherein said microwave 
plasma has an electron density of 1 0 12 cm" 3 or more 
at said surface of said silicon substrate. 

25 

43. The method of fabricating a semiconductor device 
as claimed in claim 41, wherein said microwave 
plasma has a plasma potential of 1 0V or less at said 
surface of said silicon substrate. 

30 

44. The method of fabricating a semiconductor device 
as claimed in claim 41 , wherein said gas containing 
nitrogen and hydrogen comprises a NH 3 gas. 

35 45. The method of fabricating a semiconductor device 
as claimed in claim 41 , wherein said gas containing 
nitrogen and hydrogen as constituent elements 
comprises a mixed gas of a N 2 gas and a H 2 gas. 

40 46. The method of fabricating a semiconductor device 
as claimed in claim 41, wherein said silicon oxide 
film is formed by the step of exposing said silicon 
surface to microwave plasma formed in a mixed gas 
of an inert gas predominantly of Kr and a gas con- 
45 taining oxygen as a constituent element. 

47. A method of fabricating a semiconductor device, 
comprising the steps of: 

50 forming a silicon oxide film on a silicon sub- 

strate by an oxidation processing; 
modifying a surface of said silicon oxide film by 
exposing the same to microwave plasma 
formed in a mixed gas of an inert gas selected 
55 from Ar or Kr and a gas containing nitrogen and 

hydrogen as constituent elements; and 
forming a gate electrode on said modified sili- 
con oxide film. 
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48. The method of fabricating a semiconductor device 
as claimed in claim 47, wherein said microwave 
plasma has an electron density of 1 0 12 cnr 3 or more 
at said surface of said silicon substrate. 

5 

49. The method of fabricating a semiconductor device 
as claimed in claim 47, wherein said microwave 
plasma has a plasma potential of 1 0V or less at said 
surface of said silicon substrate. 

10 

50. The method of fabricating a semiconductor device 
as claimed In claim 47, wherein said gas containing 
nitrogen and hydrogen as constituent elements 
comprises a NH 3 gas. 

15 

51. The method of fabricating a semiconductor device 
as claimed in claim 47, wherein said gas containing 
nitrogen and hydrogen as constituent elements 
comprises a mixed gas of a N 2 gas and a H 2 gas. 

20 

52. The method of fabricating a semiconductor device 
as claimed in claim 47, wherein oxidation of said 
silicon surface is conducted by the step of exposing 
said silicon surface to microwave plasma formed in 

a mixed gas of an inert gas of predominantly Kr and 25 
a gas containing oxygen as a constituent element. 

53. The method of fabricating a semiconductor device 
as claimed n claim 47, wherein said silicon oxide 
film is formed by a thermal oxidation process. 30 

54. A method of fabricating a semiconductor device, 
comprising the steps of: 

exposing a silicon substrate surface to micro- 35 
wave plasma formed in a mixed gas of an inert 
gas primarily formed of Kr, a gas containing ni- 
trogen as a constituent element and a gas con- 
taining oxygen as a constituent element, to 
form an oxynitride film on said silicon surface; 40 
and 

forming a gate electrode on said oxynitride film. 

55. The method of fabricating a semiconductor device 

as claimed in claim 54, wherein said microwave 45 
plasma has an electron density of 10 12 cm* 3 or more 

on said silicon substrate. 

\ 

56. The method of fabricating a semiconductor device 

as claimed in claim 54, wherein said microwave so 
plasma has a plasma potential of 10V or less on 
said silicon substrate. 



58. The method of fabricating a semiconductor device 
as claimed in claim 57, wherein said inert gas and 
said 0 2 gas and said NH 3 gas are supplied to a par- 
tial pressure ratio of 96.5 : 3 : 0.5. 

59. The method of fabricating a semiconductor device 
as claimed in claim 54, wherein said step of expos- 
ing said silicon surface of said microwave plasma 
comprises the step of exposing said silicon surface 
to atomic state oxygen 0* and hydrogen nitride rad- 
icals NH*. 



57. The method of fabricating a semiconductor device 
as claimed in claim 54, wherein said gas containing 55 
nitrogen as a constituent element comprises a NH 3 
gas, and said gas containing oxygen as a constitu- 
ent element comprises an 0 2 gas. 
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